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ANNOTATION

An attempt is made in this book to summarize the experience in
the design and analysis of aircraft wheels and brakes, brake
systems, brake control systems, and antiskid systems. We examine
some questions of the static and fat¥-ue strength of aircraft
wheels, calculation of brake service life, brake dynamics, techniques
for increasing brake energy absorption capacity, and design of the
basic antiskid system elements. The book 1s intended i.r personnel
in the aircraft 1lndustry and organizations operwting aircraft.

vi



FOREWORD

The weight increase and also the increased takeoff and landing
speeds of passenger and cargo alrcraft have led to increased
complication of aircraft wheel construction.

The mechanical and tnermal loads on the wheels and brake
systems have Increased markedly. We need only note that the wheel
brakes of the I1-62 passenger airplane must absorb an energy of
about 18 - 106 in a single braking after landing which,when
transformed into heat, ralses the temperatures of the individuzl
brake elements to 500° C. The temperature at the fricticn surface
of the friction elements 1in this case may reach 1000 — 1100° C.

Along with the development and perfection of alrcraft wheel
construction, the brake control systems have also become more
complicated and advanced. For example, more than 100 different
hydraulic and electrical components are used in the I1-62 braking
system.

Intorduction of an automatic antiskid controller into the brake
control system has peen necessary in order to improve braking
effectiveness and reduce tread wear. Special liquid or air cooling
systems are used to reduce brake temperatures, and tire pressure
regulation systems are used to improve wheel flotation on various

solls.
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Thus, the range of questions assocliated with the design of
aircraft wheels and brake systems has broadened considerably.

The basic questions covered 1n the book include determination
of brake energy absorption capacity, calculation of airplane landing
distance, analysis of the magnitude of the coefficlent of traction
of the tire with the airdrome runway surface, and the methods fcr
thermal and strength analysis of the basic wheel and brake components.

We examine some questlions of the design and analysls of the
brake system, antiskid control system, cooling system, tire pressure
regulation system, and also certain questions of the design and
analysis of the compornents of these systems. The final sections
of the book cover questions associated with wheel and brake testing
and the equipment necessary for tuese tests.

The authors wish to thank Cand. of Tech. Seci. I. I. Khazanov
and V. N. Parfenov for thelr advice and comments on individual
sections and Ye. S. Yudayev, M. S. Zukher, M. V. Malyuuvin, A. A.
Matveyev, Yu. P. Bazhanov, and A. V. Reut for their assistance in
preparing the manuscript.

All comments should be addressed to: Moscow, B-78, 1§£
Basmannyi Lane, 3, Vashinostroyenlye Press.
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CHAPTER 1

ATRCRAFT LANDING GEARS

The static and dynamic loads experienced by an airplane when
parked, while taxiing about the alrdrome, and using braking are
first transmitted to the landing gear structural elements (struts,
braces, shocks, and wheels) and then to the airplane structural
elements.

The action of the vertical dynamic loads depends to a conslder-
able degree on the characteristics of the landing gear shock struts
and the magnitude of the internal air pressure in the tires. The
loads in the brake system structural elements (levers and rods) are
determined by the magnitude of the braking moment developed by the
wheel orakes.

The strength and dynamic characteristics of the brake and land-
ing gear are Iinterrelated. For example, instability of brake or
brake system operation may lead to torsional osclillations of the
strut around the vertical axis, and insufficient wheel axle stiff-
ness may lead to premature fallure of both the wheel and the brake.

¥Numbers in the margin indicate the pagination of the original
forelgn text.
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Experience has shown that a useful operational reliability
criterion is the ratio of the landing gear structure welght to the
air plane weight and the ratio of the wheel and tire assembly weight
to the landing gear weight. From statistical data for previously
constructed airplanes with takeoff weight from 45 to 190 metric tons:

— the welght of the main gear with completely outfitted wheels

(with tires) is 3.5 — 4.3% of the airplane takeoff weight G s

and the weight of the nose gear with completely outfitted wheels is
0.3 — 0.64%;

— the main gear wheel-tire assembly weight is U3 — 59% of
the total gear welight and the nose gear wheel-tire assembly weight
is 18 — 29%.

For preliminary calculations, we can taxe the completely
outfitted main gear weight to be

-2

Gmg  3.85 - 10 Gto’

and the completely outfitted nose gear weight /6

~ . -2 -
Gng z 0.47 10 Cto'

The welght of the outfitted main gear wheels can be taken as
about 50% and the weight of the outfitted nose wheels — 20% of
the toti. gear weight.

1. Landing Gear Geometries

The folliowing landing gear geometries are used on airplanes
(Figure 1.1):

— three-support gear with pivoting aft (tail) wheel, in which
the primary load is on the two main wheels located ahead of the
airplane center of gravity (CG);



main gear main_gear

' undérwiﬁi?
gear

=D -~
yr

4airb_l;ﬁe axis

c) $

Figure 1.1. Baslec landing gear geometries.

a- three~support with pivoting tall wheel; b- tricycle with
controllable nose wheel; c¢- bicycle.

— three-support gear with pivoting forward (nose) wheel, in
which the primary load is on the two main wheels located behind the
airplane CG;

— bicycle or two-support gear with two auxiliary outrigger
wheels under the wlngs. In this scheme, all the load is on the
wheels located under the fuselage behind and ahead of the airplane
CG. In thils gear, the outriggers support the wing as the airplane
banks while parked or taxiing.

At the present time, the three-support gear with tall wheel
(Figure 1.2) is found only on relatively light airplanes. In this
gear, only the main wheels are braked. The primary drawbacks of the
tail wheel gear are inadequate airplane maneuverability because of
the absence of a steerable nosewheel and the possibility of noseover
in case of excessively he:~y braking. In this case (Figure 1.3),

the inertial force Pi whic.: arises during braking creates an over-

turni—~ A moment about the point Q whose magnitude is greater than



Figure 1.2. Three-support gear
with tall wheel.
Figure 1.3. Diagram of forces
acting on airplane with three-
the stabilizing moment from the support gear and tail wheel

airplane landing weight (G ), and during braking.

the resultant R of these forces passes ghead of the point 0.

We see from examination of the acting forces that

P
== ared :
g g 5

¥
]

a
where ?i = mad; ax(:i =R G& = mg, where m is the alrplane mass,
ag 18 the airplane deceleration during braking; g is the free-fall

acceleration; u is the coefficient of tracticn of the wheel with
the airdrome surface.

Considering these equations, we obtain

a,}%
srcly ,%xm warch g,

/8




To prevent nosecver, it is
necessary that

v toy
i %Es

£

f Thus, the value of the
rea..cable coefficient of the wheel
traction with the airdrome surface
determines the main landing gear
Figure 1.4. Tricycle gear with wheel stagger angle Cpst‘ 1t 1s
steerable nose wheel. obvious that the stagger angle
magnitrde can be varied in order to reduce the danger of airplane
noseover during braking; however, this hazard cannot be entirely
eliminated in the tail wheel configuration. It is also obvious that

braking intensity is limited in this gear configuration.

We also note that "baliooning"” is characteristic of airplanes
with this gear geometry in case of hard wheel inpact on the ground
at the moment of touchdown, because of the appearance of a couple
(from the landing weig:t G& and the wheel reaction N} which increases

the angle of attack ard, therefore, the wing 1ift force. Flight
experience has shown that, for the airplane with a tail wheel three-
support gear, the only possible nermal landing is a threc~point
landing.

The drawbacks characteristic for the taill wheel gear are absent
in the tricycle configuration with nose gear, which is most widely
used (Figure 1.4), 1In this scheme, the two main wheels must be
equipped with brakes, while the nose wheel may be either braked
or unbraked.

The tricycle gear with two multiwheel bogiles (left and right)
and dual-wheel nose gear 1i: widely used for intermediate and heavy
aircraft. Such a gear of the Boeing KC-135 1s shown in Figure 1.5,
The nose gear 1is steerable and rotates about the vertical axis. The
rotation angle 1is controlled by the pillot. The nose wheels ares not
braked.




Pigure 1.5. Multiwheel tricycle gear with steerable nose wheel on
Boeing KC-135.

The tricycle gear with multiwheel bogles on each strut has
several advantages, the primary being:

— high flotation and comparatively small volume occup.ed by
the structure;

— high operational reliability;

— possibility of landing simultaneously on all three points
{wheels) at a small angle of attack and on the main wheels at large
angles of attack;

— possibility of increasing braking intensity and shortening
landing rollout by installing braked wheels on the nose strut;

- horizontal fuselage attitude when parked and taxiing;

-~ directional stability of the airplane when taxiing and during
takeoff run and landing rollout.

Let us see how directional stabiilty of the airplar> on the
three-support gear with nose wheel and tail wheel is provided if

alrpiane drift 2t the angile ﬁa occurs for one reason or ancther

{Pigure 1.6). The reason for the drift may be inequality c¢f the
main wheel braking forces, impact of the rolling wheel on some
obstacle, inequality of the engine thrust forces, ete. Let us
assume that the nose whee. and tall wheel are swiveling and do not
create lateral reaction forces from the ground surface during dritt.




We see  from the diagram of
the forces applied to the airplane
having the nosewheel gear that
the centrifugal Pc and side R8

reaction forces (from the wheel
side friction force) will create

a moment which eliminates the
initial yaw and returns the air-
plane to the original trajectory.
Therefore, the nose wheel gear
facilitates significantly the
pilot's control of a multiengine
airplane during takeoff in cas=

of engine failure. Experience
shows that airplanes with nose-
wheels are capable of automatically
maintalining rectilinear takeoff run
in case of engine failure.

In the tallwheel gear alirplane
Figure 1.6. Diagrams ilius-

trating airplane direetional case, the forces which arise during

stability with different land- drift will tend to turn the airplane
ing gear configuratlons. still further; therefore, the tail
a- gear with swiveling nose

wheel; b- gear with swiveling wheel 1s locked, i.e., fixed in the
tail wheel; c- gear with neutral position, during the takeoff
locked tail wheel. run in order to improve the direc-

tional stability. When the tail wheel is locked, a side force Fst

arises on the wheel and the moment of this force about the airplane
CG is stabilizing, i.e., 1t reduces the drift angle Ba'

In addition to directional stability, the so-called airplane
weathercock stability, which shows up in a crosswind and airplane
landing with drift, is also important. We noted above that a
couple (side force Fs on the main wheels and centrifugal force Pc

applied at the CG) is created at the instant of contact with the
ground. The moment of this couple in the case of a tricycle gear



Figure 1.7. Boeing B-£2 bicycle landing gear.

and airplane CG ahead of the main gear leg will turn the airplane

into the wind in the direction of action of the resultant moment Ml.

In the case of an aft CG and tail whe.l gear, the moment from this

couple turns the airplane against the wind in the direction of the /11
resultant moment Mg. In the latter case, the airplane will not have

weathercock stability and has a tendency toward overturning about
the outer (relative to the center of rotation) wing. This tendency
is explained by the 1ift force increase on the inner wing and the

moment of the Torce PC on an arm equal to the airplane CG distance

from the ground.

The bicycle type landing gear is usually used with a relatively
thin wing profile, when wheel stowage in the wings is elither impos-
sible or degrades the airplane aerodynamics. Filgure 1.7 shows such
a landing gear on the Boeing B-52. 1t consists of forward and aft
bogles with four braked wheels on each, left and right outriggers
with unbraked wheels. 1In the bicycle gear, a definite relationship
is used between the braking forces on the wheels of the forward and
aft bogles in order to maintaln airplane directional stablility
during landing rollout braking. The braking force on the forward
bogle wheels usually does not exceed 70 - 75% of the maximal
possible force for the af’ bogle wheels.




e

ACG location for design

airplane flight weight
i

L —;z;r‘a oy

Figure 1.8. Basic geometric parameters of nosewheel landing gear.

2. Basic Geometric Parameters of Tricycle Gear and Its Arrangement

on the Airplane

Locating the tricycle gear on the airplane reduces to determining

the optimal wheelbase and track dimensions and also selecting a
rational location of the main wheels relative to the airplane CG.

The minimal acceptable distance a from the airplane CG to the
main wheel axle 1s determined by the following condition: the
projection of the CG on the horizontal plane with any airplane
position relative to the airdrome surface must zlw. 3 remain ahead
of the vertical plane drawn through the line of contact of the main
wheels with t2e ground (Figure 1.8). If this condition is not met,
the airplane tail section may strike the airdrome surface during
landing and taxiing.

In existing designs, the ratio of the parameter a to the wheel-
base b varies in the range 0.1 — 0.1i5. Tne slope LS of the shock

strut axls to the vertical is considered positive 1f the strut is
swept forward and negative if the 3trut 1s swept aft, or zero i1f the
strut is vertical. Usually, the positive and negative angles vary
in the range *(10 — 12°), and we ccnsider that a negative angle
creates greater stabllity during airplane rollout with brakiag.

The wheelbase b 1s the distance from the main wheel axle to
the nose wheel axle. It is advisable to make the wheelbase as large
as possible, since this reduces the vertical loads on the nose wheel
from the alrplane weight. In spite of the fact that forward shift

/12



of the nose wheei increases the
| ) length of the nose part of the fuse-~

] . lage which experiences the load
*K¥7 N %; D 3\ from the nose wheel, the longer

{ﬁ i a; S it &5 wheelbase is sometimes structurally
Q) \-'b) 33c, advantageous. The ratio of the

wheelbase b tc airplane length L

Figure 1.9. Landing gear strut varies in the range 0.25 — 0.35.
configurations.

a- truss; b~ cantilever beam;
¢c- braced beam; d- beam truss.

The landing gear track Bw is
determined from the condition that
the wingtips not contact the runway when the airplane lands with
bank angles up to 10°. A wide track makes it possible to control
the airplane more effectively with the brakes when moving over the
ground. However, an excesslvely wlde track increases airplane
sensitivity to inadvertent turns as a result of any wheel impacts
on airdrome irregularities. Usually the track is 20 — 30% of the

wing span.
The _ear struts vary in configuration as shown in Figure 1.9.

With regard to shock absorber location, we differentiate
telescopic struts which are integrated with the shock absorber and
struts with external shock absorber. With regard to structural
configurationr, we differentiate gears of truss construction (see
Figure 1.-2), cantilever beam gear (see Figure 1.9b), braced beam
gear ( ee Figure 1.9c), and the beam truss gear (see Figure 1.94).

The truss gear construection is bulky, creates high drag during
takeoff, and also leads to retraction difficulties. It is used
primarily na airplanes with low takeoff and landing speeds.

The cantilever beam gear without bracing (see Figure 1.9b) is

structurally the simplest and is convenient for folding during
retraction into the corresponding fuselage or wing bays.

10
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Figure 1.10. Beam type main
gear leg construction with
retracting brace.
Figure 1.11. Beam truss main gear
strut construction.
The beam type braced gear 1s most wldely used. The main
structural feature of this gear is that the upper end of the strut
is rigidly attached to the wing, but is hinged in the plane perpen-
dicular to the strut. The lower end of the strut 1s extended into
place by a brace. PFigure 1.10 shows a beam maln gear leg construction

with side brace for retracting and extending the gear leg.

The beam truss type landing gear consists of a strut reinforced
by a system of braces and rods which reduce the bending moments
acting on the strut and increase its stiffness. A typical main
gear leg of the beam truss strut construction with bogie is shown
in Figure 1.11.

Most modern ailrplanes with takeoff weight of 40 metric tons or
more have multiwheel boglies. On such bogles, it is necesscsry that
the braking moments of the front and rear bogie wheels be completely
utilized in order to achieve maximal braking effect. This is
achieved with the aid of a system of tle rods and braces comprising
a compensation mechanism.

\
-
P

11
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Figure 1.12. Multiwheel main gear leg bogie.

1, 6~ wheel axles; 2- brace; 3- shock absorber; U- strut; 5-
bogie axle; 7- tie rod; 8- brake; 9- flange; 10, 11- levers.

Figure 1.12 shows a bogie having such a mechaanism. The bogie
is equipped with four wheels mounted in pairs on the axles 1 and 6.
The 2xles are rigidly mounted in the fork of a welded framework which
is hinged to the strut 4. The brake housing 8 is bolted to the
flange 9 and the flange 9 is connected with the lever 10 or 11 by
splines and can rotate through some angle relative to the axles 1
and 6. The levers 10 and 11 are connected with one another by the
tie rod 7. The front lever 10 1s also connected with the shock
absorber 3 and the brace 2. The braking moment from the rear wheel
is taken by the lever 11 and from the front wheels by the lever 10.
The braking moment from the rear wheels is transformed into a force
which is transmitted by the rod 7 to the lever 10. The overall 1load
from the action of the front and rear wheel braking moments is taken
through the brace 2 by the strut 4. Here rotation of the togile
relative to the axle 5 1n the direction of action of the moments
and redistribution of the loads between the wheels does not take



place if the bogle 1s in equilibrium under the action of the braking
fcrce Fb’ the overall force Sbr in the brace, and the reaction Ro in

the axle 5, which must pass through the front wheel axle 1, as
follows from equilibrium of the forces on the axle 1. Since the
forces RO’ Sbr’ and Fb must intersect at the single point 0 for

equilibirum, if we know the location of point 0, it is easy to
determine the required direction of the brace 2.

The condition of equilibrium of the forces applied to the bogle
can be represented in the form of equality of the moments of these
forces relative to the axle 5, i.e..

IM. = 2R

1 - 2Rl - 4P h+S5 b=0,

> fw b

where wa is the reaction force on the front wheels; Raw is the

reaction force on the aft wheels; 7 is the distance between the
front wheel axle and the strut axle; b is the distance between the
strut axle 5 and the axis of the brace 2; H is the strut axle height.

If redistribution of the loads between the wheels does not take
place, the following equality 1s satisfied:

wa = Raw'

Then, obviously,

Sbrb - MFbH = Q.
By analogy, the sum of the moments relative to the front wheel
axle 1

IM, = S

1 rd - thh =0,

b

where a is the distance between the brace and the front wheel axle;
h 1s the wheel axle height.

13
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Since IM, = 2M5, then b/a = H/h.

1

This relation makes it possible to determine the direction of
the brace 2.

3. Landing Gear Shock Absorber. System

The landing gear shock abscrber system reduces the loads from
the impacts and shocks experienced by the wheels during airplane
landing and taxi. This system includes the gear shock absorbers
and the tires. The work whieh the shock absorber system performs
is usually termed the normed work, since it is specified by the
norms and, in géneral form, is determined from the formula:

V2

An = Mreqg 2 °

(1.1)

where An is the normed work; m

red is the reduced airplane mass

(airplane mass per landing gear leg); and V_ is the airplane vertical /17

y
velocity at the Instant the wheels contact the runway.

The normed work 1s split between the gear shock absorber and
the tire. However, the shock absorber work must be calculated so
that the force arising at the end of the absorber travel will not
exceed the allowable load on the wheel. Otherwise, overloading of
the tire 1is inevitable and may lead to failure of both the tir2 and
wheel.

The shock absorbers transform the airplane impact energy at
the instant of touchdown or when the wheels encounter obstacles
into the heat of friction force work and working fluid deformation.
The absorbers may be liquid gas, rubber, or spring types.

At the present time, the liquid gas shock absorbers are most

wldely used, since they provide most complete lmpact energy trans-
formation and are compact and operationally reliable.

14



On the basis of many years of operating experlence, the
following basic requirements are imposed on landing gear shock
absorbers, regardless of their type:

1. transformation of the impact energy into heat of friction
force work during the forward (working) stroke in order to reduce
the load on the alrpianz structural components to the design value;

2. uniform and smooth increase of the load to the maximal
value at the end of the forward stroke;

3. short shock absorber reverse travel time.

It should be noted that, if tne energy absorbed by the shock
absorber is stored in the form of energy of the compressed working
fluid, then, after removal of the load, the shock absorber will
extend with high veloclity. In this case, the landing gear elements
experience an additional shock load which affects the alrplane
structure. Therefore, a large part of the energy absorbed by the
shock absorber must be transformed into heat and dissipated in
order to reduce such loads.

The difference between the energies absorbed by and returned by
the shock absorber, transformed into heat, is called the hysteresis
work. It 1is obvious that the magnitude of this work should be as
large as possible for the shock absorber.

Let us examine the configuration of the liquid gas shock
absorber and analyze the principle of its operation (Figure 1.13).

The shock absorber consists of the cylinder 1 and the piston
rod 8 which travels in the cylinder. The cylinder is usually
attached to the landing gear strut or the fuselage and the piston
rod — to either the wheel axle or the bogle axle. The rod has two
supports in the cylinder: the upper bushing 3 and the lower support
7. The sleeve 2, mounted rigidly in the cylinder, can be profiled
along the outer contour or have a constant annular section. The

15
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restrictor orifice 4 is located in
the bottom of the sleeve. The
annular reverse travel restrictor
valve 5 1s seated on the piston rod.
The shock absorber chamber A is
filled with compressed nitrogen

at an absolute pressure of 30 —
60 kgf/cmz, while chambers B and

C are filled with the working

fluid (AMG-10 oil or a glycerine
mixture in a ratio of 70% glycerine
and 30% alcohol). An annular

W oS b B N

clearance is provided between the

8 ’ heavy
oigbrmung' rod 8 and the sleeve 2 for working
31bﬁm°°”‘ fluid flow. The seal 6 is ided
21V flow . provide
where the rod leaves the cylinder
Figure 1.13. Cutaway of in order to eliminate fluid

liquid gas shock absorber. leakage. During the forward

1- cylinder; 2- sleeve; 3-
upper bushing; U4- restrictor (working) stroke, the rod 8 travels
orifice; 5- reverse travel upward. At this time, the gas in
restrictor valve; 6- seal;

7- lower bushing; 8- piston

rod. provides for subsequent return of
the shock absorber piston to the original position after removal of
the load on the wheel.

chamber A is compressed and thus

During the working stroke, the fluid is forced from chamber B
into the cylindrical chamber A through the annnlar clearance between
the rod and the sleeve 2 and through the restricting orifice 4. Part
of the work performed during landing 1s expended in forcing the fluid
from chamber B into chamber A and is transformed into thermal energy
and dissipated into the surrounding medium. Simultaneously with
upward movement of the rod, the fluid from the chamber A through
the ports in the rod opens the annular valve 5 and enters chamber C.
Fluid flow from chamber A into chamber C takes place with small
pressure losses. During the reverse stroke, the piston rod, subject
to the pressure of the gas in the upper part of chamber A, begins
to travel downward. At this time, under the fluid pressure, the
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Figure 1.14. Diagram illustrating shock absorber operating principle.

a- shock absorber work diagram; b- schematic clarifying shock
absorber operation during rod forward stroke; c¢- diagram illustrating
shock absorber operatlon during piston reverse stroke.

valve 5 closes the large ports in the rod and the fluid flows from
chamber C into chamber A only through the small openings in valve

5 itself. Fluld flow through these orifices provides comparatively
slow shock absorber return to the original position and softens the
impact force in the reverse stroke. The fluid flows from chamber A
into chamber B through the annular slot between the sleeve 2 and
piston rod 8, and through the orifice 4.

The operation of the liquid gas shock absorber is characterized
by the diagram expressing the force Psa acting on the piston versus

rod travel GSa (Figure 1.14a). Por simplicity of the analysis, we

examine the shock absorber without reverse travel restrictor valve,
whese schematic for forward and reverse piston rod strokes is shown
in Figures 1.14b and c. If we ignore the inertia force of the
moving rod, we can consider that the external force Psa and the

retarding forces P_ and PZ’ directed opposite the rod motion, are

g
equal. In this case, we have, for the forward stroke:

P =P + P (1.2)

sa g 1?
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where Psa is the external force acting on the shock absorber piston
rod; Pg is the force of compressed gas pressure on the rod; and PZ

is the resisting force of the working fluid as it flows through the
calibrated orifices.

The force Pg will vary in accordance with the following law
during the forward stroke:

ng" = const, (1.2)

where n is the polytropic exponent (n = 1.3); V is th. ._..ipressible
gas volume.

In the coordinates Psa and §

sa’
by the curve ADB. The 1lnitial ordinate POsa of this curve depends
on the magnitude of the initial pressure P0 in the shock absorber

(charging pressure).

The resisting force from fluid flow tarough the calibrated
orifices is

P, = kV° (1.4)

whele k 1s a coefficient of proportionality accounting for the
specific fluid weight, viscosity, and other parameters; and VZ is
the fluid velocity.

The piston rod velocity at the initial and final positions and,
consequently, the fluid flow velocity are equal to zero. Therefore,
the force PZ is also equal to zero. If we plot the magnitudes of

the forces arising with fluid motion on the hysteresis diagram from
the curve ADB rather than from the abscisszsa axis, then the curve
ACB will characterize the magnitude of the overall force Psa' It

is obvious that, in this case, all the work performed by the shock
absorber during the piston rod forwerd stroke will be:

18
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A, = ! PoadSss (1.5)

and will be determined by the area ACBFGA on the hysteresis diagram.
Iv is obvious that this work will be equal to the normed work for
the landing rear strut minus the work At performed by the wheel
tires, i.e.,

During the piston rod reverse stroke, the fluid resistance as
it flows from chamber A into chamber B will be

)
Py = k(V'z)", 1.7
where Vi is the velocity of the fluld flowing through the calibrated

orifice.

Tt is obvious that, for the reverse s=troke,

Psa = Pg - Pi. (1.8)

In Figure 1.1L the difference of the forces Pg - Pi is repre-

sented by the curve AEB. Consequently, the work of the resistan:
forces
1]
“rev * S Psaddsq (1.9)
6sa max

and corresponds to the are~ BEAGFB on the hysteresi: diagram. The
work performed by the shock absorber in 1ts entire working cycle
during the forward and reverse rod strokes, l.e., the work corres-
ponding to the hysteresis loop area (ACBEA in Figure 1.14)

A (1.10)

hyst Asa rwa = Psa rev-

19
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The piston rod annular clearance flow section area nas a very
large influence on the shape of the curve ACB, characterizing the
variation of the force Psa along the pilston rcd travel. For most

modern shock absorbers, this area amounts to 2 — 5% of the rod area.
If this area is less than the lower limit, the fluid flow velocity
and its resistance increase. In this case, the force on the shock
absorber piston rcd increases during the forward stroke and decreases
during the reverse stroke. As a result, the hysteresis loop area
and, consequently, the shock absorber work increase. In this case,
the shoc . absorber becomes stiff, i.e., the force increases more
rapidly as a function of rod travel. This means that, 1n case of

a hard landing, the forces experienced by the aZrplane increase
markedly. With increase of the annular clearance flow section, the
shock absorber becomes soft but the area of the hysteresis loop and,
consequently, its wcrk, decrease.

In order to obtain a sufficiently elastic shock absorber
which is capable of performing the specified normed work, we intro-
duce into its construction a restrictor valve which operates during
reverse travel of tbhe piston rod. In this case, the deflection
during piston rod forward travel will again take place along the
curve ACB, but during the reverse travel, it will follow the curve
PDA (see Figure 1.14). 1In such shock absorbers, the forces increase
more smoothly during the piston rod forward stroke and the hysteresis
loop area decreases very llttle.

In the liquid gas shock absorbers, the flow sectlon area may be
either constant or varliable along the piston rod length.
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CHAPTER 2

LOADS ACTING ON WHEELS AND BRAKES

1. General Requirements on Wheels and Brakes /22

Aircraft wheels and alirplane brake systems must satisfy the
requirements established in the alrplane airworthiness standards.

Such standards exist in various countries with certain
differences. We shall present the basic assumptions and requirements
on wheels, brakes, and tires from these standards.

The main landing gear wheels must be equipped with brakes and
be designed for the loads at the maximal allowable alirplane takeoff
and landing weights. In the rejected takeoff case, at maximal air-
plane takeoff weight, the wheels and tires must not catch fire or
burst when heavy braking is used. One mandatory requirement 1is
for numerous sequential airplane takeoffs and landings, the number
and intervals between which depend on the alrplane mission. The
wheel mounting on the landing gear must permit inspection of the
condition of the primary wheel attachment components and the brake
system.
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The wheel brakes must be designed for braking throughout the
entire range of airplane landing speeds with account for the possi-~
bility of their heating. High wheel reliability under the speciried
airplane operating conditions is mandatory. The brake effectiveness
must correspond to the normed braking force work in the course of
the entire operating service life established for the airplane.

The guaranteed braking moment must provide airplane decelera-
tion equal to ~0.2 g for all allowable airplane weights and center
of gravity locatlons. The guaranteed braking moment must hold the
airplane with maximal takeoff weight when parked on a 1:10 slope.
Moreover, the brakes must provide parking braking for 24 — 48
hours, operate until the friction material 1s ccmpletely worn out,
and provide effective braking during operation. The possibility of
replacing damaged friction elements without preliminary run-in of
the new elements should be provided in the brake design.

In order to determine the loads acting on the wheel and brake,
we must have certain information on the airplane for which the wheel
is designed, namely: landing gear configuration and type, takeoff
and landing weights, specified landing rollout distance with the use
of brakes, landing and takeoff speeds, airdrome class on which the
airplane wlll be used, etc. These data make 1t possible to determine
the basic wheel and brake design parameters.

We shall examine the primary factors determining the loading
of the braked wheel.

2. Moment of Wheel-to-Runway-Surface Traction Force

The incompletely braked wheel, while rolling (Figure 2.1), is
subjected to radial load (Pr)’ traction moment (Mtr)’ and brezking

moment (Mb). The traction force moment*® depends on several factors

and can be expressed by the formula known from mechanilces:

¥It would be more correct to call this moment the moment of the
friction forces between the tire tread and the runway surface, but
considering that the term "traction force moment" has become estab-
lished in the speclalized literature, we shall retain it unchanged
in the followling discussion.
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motion M., = uP (r, - 4 ) = FopTqs (2.1)

where u 1s the coefficient of trac-
tion between the tire and the ruu-
way surface (u = Ftr/Pr); r, i

the wheel geometric radius; Gdef

is the tire deflection under the
radial load; T4 is the wheel

dynamic rolling radius (rd = L

Gdef); and F_ . is the traction

force between the tire and the

runway surface.
Figure 2.1. Forces and moments
acting on wheel during braking.
The traction coefficient u is

a variable quantity. While varying over quite wide limits, it can,
in each speciflic wheel loading case, reach a definite limiting value

/P (2.2)

ulim = Ftr max’ "r max’

Experimental studies have established the dependence of the
traction coefficient 4 on the wheel rolling velocity, tire pressure,
tire type, tire tread condition, and runway surface condition. 1In
the skidding case, the braked wheel will slide without rolling over
the runway surface; in this case, the traction coefficlient will be
equal to the sliding friction coeffirient, which is the ratio of tre
traction force (F'tr) of the completely “raked wheel to its radial /2

load, i.e.,
- = Rt
L Y F tr/Pr‘

Numerous studies have shown that the limiting traction coeffi-
clent Hyim always remalns larger than the sliding coefficlent M-

The results shown in Figures 2.2 and 2.3 of studies of aircraft
tire traction coefficlent dependence on several factors make it
possible to draw the following conclusions:
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Figure 2.2. Wheel traction Figure 2.3. Wheel traction
coefficients u,,. and u s1 (fcr  coefficients Mim and Mgy (for
dry concrete runway) as func- wet concrete runway) as functions
tions of translational velocity of translational velocity V and
V and tire alr pressure Py- tire air pressure Poy-

-— the limiting traction coefficient decreases with increase
of the velocity V (for V = 0 Miqm = 0.8, while for V = 250 km/hr,

ulim = 0.5);
— with increase of the tire pressure (Po), the coefficient
ulim decreases because of reduction of the area of tire contact with

the runway surface.

On a wet (after rain or snow) concrete runway, Midm decreases

still more, since, in this case, only the middle part of the track
obtained from tread contact with the runway as the wheel rolls
remains dry. A special tread pattern may lmprove the conditions
of its traction with the wet runway surface.

To clarify the influence of the tread pattern on Hyqm» We can

use the experimental data for automobile tires shown in Figure 2.4.
We see from the curves in this figure that intermediate values of /26
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the traction coefficlient for both

” g
A o S el ';55 dry and wet pavement are obtained
o - pow 5 : --—B
e ey ey, 5) for the tread with longitudinal
w ‘%V <3, A grooves (type A). The tire with
0 5 18 15 .zom 25 30 JiVkm/hr tread type E showed good results
A ' in the tests.
p — P — e — b )
f~::§§3:::::Erg”
s —— ] | | The u(V) curves obtained for
S u;fh i i treads with different patterns (C,
~F
, - D, E, and others) showed that the
Qs Kjﬁ: s B )
T~ # tread should not be continuous;
Vo~ 5 2 25 7 7Vkm/hy 1t 1s better if the tread is com-
b) prised of individual segments

(blocks). The poorest results
Figure 2.4. Traction coeffici-
ent p of an automobile tire
with various tread patterns tread. We note that the results
versus speed for various
runways (dashed line indicates
dry pavement, solid line applied to aircraft tires without
indicates wet pavement).

were obtained on tire H with worn
shown in Figure 2.4 cannot be

account for the influence of alr-
a- road with concrete pavement;

b- road with asphalt pavement. plane speed on the sliding

coefficient.

The tire-to-runway-surface traction conditions depend consider-
ably on the degree of smoothness of Lhe runway surface itself. For
example, it has been found that, during rain, a coarse concrete
runway surtace (with greater roughness) may be more favorable,
since the surface roughness may destroy the liquid film under the
tread and thereby improve wheel traction with the runway during
braking.

However, if the runway 1is covered with a sufficiently thick
water layer, the phenomer.on of tire hydroplaning on the runway 1is
possible. In thls case, wheel separation from the runway surface
is even possible at some definite speed under the influence of the
hydrodynamic forces. The speed at which the wheel separates from

the runway 1s called the hydroplaning initiation speed Vhp
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] Vhp = 16.7/15.§p0 s (2.3)
05 \\

04HQL“C?.\\“~<&§__ where p0 is the tire inflation

! \\\;? pressure.

a.Z VJ

] & d ! As a braked wheel rotates,
4 3,
60 & Capce there is always some wheel skidding,
Figure 2.5. Traction coeffi- i.e., the braked wheei rotation
cient u versus relative wheel speed 1is always less than the free
skidding &, for various trans- (unbraked) wheel rotation speed.

lational velocitles V3, Va- V3 fne degree of wheel skidding 8,
during braking (V1 <V, < V3).

in percent can be foun. from the
formula:

Nng—n W— O
= -100 = —-100,
6sk ne o

where Ny, Wy are the rpm and angular velocity of the free wheel

(rolling wishout braking); and n, w are the braked wheel rpm and
angular velocity.

Curves of u(ssk) for various translational velocities and

2

constant tire pressure Py = 6 kgf/cm® are shown in Figure 2.5. We

note that, although the values of the coefficients Ug are different
for each tire type, the nature of the u(ask) curves is the same for

all tires. We see from these curves tuat, with increase of the
airplane translational speed, the coefficient u maximum shifts in
the direction of smaller Gsk values. The peak lles essentlally in
the range 10 — 20%.

Therefore, in determining the traction force moment, we can

take, for a dry concrete runway, ¥ = 0.6 ¢+ 0.7 for V=0 and u =
1/2 (usk + usl) for V = 0.
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In the latter expression, L and By, are taken from curves

analogous to those shown in Figures 2.2 and 2.3, but relating to the
specific aircraft tire types. For preliminary calculations, we

can take u = 0.35 for V # 0. Depending on the relationship between
the magnitudes of the moments Mtr and Mb, the following three braked

wheel motion cases are possible.

1. Mtr > Mb' In this case, we have rolling of the wheel

with skidding and a definite angular deceleration, whose magnitude
is determined by the ratio of the airplane linear deceleration (ad)
to the tire dynamic rolling radius (rd), i.e., dw/dT = ad/rd. If

dw/dt = const, the wheel angular velocity and rpm decrease linearly.

2. Mtr = Mb. In this case, we again have rolling of the

wheel along with definite skidding. However, in this regime,
reduction for some external reason of the traction force moment Mtr

or Increase of the braking moment Mb leads to marked change of the

wheel motion nature. Therefore, this regime can be considered an
unstable motion regime.

3. M., < Mb. In this case, the wheel locks up (does not
roll) and skids. When the wheel locks up, its equation of motion

takes the form

dw _
JW_d—'?thP-Mb = =-AM.

The expression dw/dt is the magnitude of the wheel angular
deceleration.

™\
n
o

We see from these wheel motion cases that, in order to obtain
minimal airplane landing rollout braking distance, it 1is necessary
that
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My max ™ Mer sk = Merfr(Ty = Sdef)-
The ratio

Mtr sk/Mb max keff

can be considered the braking system effectiveness coefficient, which,
in the 1deal case, is equal to one.

3. Porces Acting on Wheel During Airplane Motion

We see from Figure 2.6 that, during motion over the runway,
the airplane is subject to the 1ift force Y, drag force Q, engine

thrust T, airplane weight Ga’ runway reaction forces on the main
wa and nose an wheels, friction forces on the main me and nose

an wheels.

It is obvious that

me = umwwa; an = uannw’

where W and W, 8re the traction coefficlients, respectively, of

the main and nose wheels with the runway. The variation of the 1lift
force Y and radial load Pr on the wheel during landing rollout is
shown in Figure 2.7.

The airplane motion along the runway can be described by the
system of equations:

G

a , av _ o, _ .~ _ .
g ar T=-G- (Fp, +Fols
Y + (wa + an) -G, = 0; (2.4) /29

(N =N b) - (F_ =F )hs=o.

28



Figure 2.6. Forces actiag on Figure 2.7. Lift force Y and
wheels of tricycle gear with radial load (Pr = Ga - Y) on
braked nose wheel during airplane wheels as a function of landing

landing roilout braking. rollout distance L and braking
time T.

Replacing the friction forces by the ground reacﬁion forces on
the wheels and solving the second and third equations of this system
for these forces, we obtain:

(G, - Y)(a - unwh)

a
Nw = 2+ 57 = 3
mw a b (umw unw)h
. (2.5)
(G, - Y)(b + n_h)
an T a+b +Tumw - unwﬁ °

Then we transform the expression G, - Y = Ga(l - [Y/Ga])’ using
the known relation

1
— CypS V2
7" L an
G. 1 2 c 2 ® G2
a 3¢ 19g" Vg Y 18 Vi4, Vidg
to the form
2
] 1y
G, - ¥ =G,(1 - = ).
1ldg

Denoting the fraction of the airplane weight on the main wheels by

a - unwh

=

a+b+ (umw - unw)h
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we can finally write (2.5) in the form

mw a k2
vldg
(2.6)
1 e
Npw = (1—%) G (l____65—')
ldg

If the wheel traction coefficients Mw and M, are constant through-

out the landing rollout, the friction forces

Viag
, (2.7)
1
= - fom o
an unw(l K)Ga ( k V2 )
ldg
Finally, the overall wheel braking force
P4 R = Dar 4 (1o 16(1-L Y.
mw nw umw unw a k ;2
ldg
2
1 V
“avGa(l “k 2 )s
Vidg

where Vav is the average coefficlent of main and nose wheel friction

during braking, Moy = KM

without braking, the overall wheel friction force 1is

—_— (1 - K)unw. During airplane rollout

CF=w Ga (l—'il'\',";;')
ldg -

where Mg is the coefficient of wheel rolling friction.

If, in (2.5) and (2.6), we take V = 0, Mow = Mpw = 0» the

reactions (loads) on the wheels with the airplane parked are:
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b
a+15 % (2.8)

= a =
wa a+hb Ga and an
In order to hold the alrplane parked with the engines running
with the aid of the brakes, it is necessary that me + an = T,

Then, obviously, the loads on the wheels are

a h b h
= - T and an = m Ga +

N at+b Ca at b a_—r—l-b.r' (2.9)

The airplane kinetic energy which is transformed by the bvakes
into heat during rollout can be calculated for the tricycle gear
with unbraked nose wheel under the following azsumptions:

— constant magnitude of the wheel-to-runway tractlon coefficient

throughout the rollout;
— absence of wheel lockup (skidding).
The friction forces in (2.4) can be expressed as:

= ‘o - = - -
me Mo <Gy Y) and an uo(l u<)(Ga Y),

where umw is the overall coefficlient of main wheel traction with the
runway surface during rollout with braking (“mw = Uy + uo); and

Bow = Mo is the nose wheel rolling friction coefficient.

We use these expressions to transform (2.4) to the form:
mﬂ u_ k(G — V)4 po(l — (G -Y)+Q—T—;0
7e T ¥mw®Ca Mo(l =) Gy =

and after dividing by Ga’ obtain

b dV

+ u

y ,
¢ de 7 Vm® ('"GQ*“""*""X

(2.10)

Q T
X(1-4 Y+ &~ 5=0
Ga) a Ga
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Using the formulas known from aerodynamics, we find

c,08 L Cx 2
e_ _" 2 s _s V2
3 2 ST =T o
a \'/ c A
. o5 —Ldg y 1dg 2 14z
y ldg 2 c ldg

where € = ¢_/c_. 18 the reciprocal airplane L/D during rollout; k is

Xy
the effective airplane L/D during roliout (k = [c /cy]).

y ldg

Substituting these expressions into (2.10) and making some
transformations, we obtaln:

1 gV, V2 e— HpK—pe(l—x)
: ldge
(2.11)

+ Uk + (1l —x)—g =0, -

where o = T/Ga.

Introducing the notations ¢ = [e = T uo(l - k)1/k and

a=u -+ Mg(l = k) - @, we reduce (2.11) to the form

1 dv vz

—_—— —_ a=0.-
z dt+cV2 +
ldg
introducing the new variable 22 = VzNidg, we obtain
v z2dz
ldg <%< 2 =0,
_s.ﬁ - te@ta (2.12)

where dL is the differential braking distance (dL = Vdt).
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l, Determination of the Kinetic Enerzy Transformed by the Brakes /3«
into Heat during Airvlane Braking

Witn the aid of (2.12), we can detzrmine not only the rollout
distance L and the braking time 1, but also that part of the airplane
kinetic energy which is transformed into thermal energy by the brakes

and whe:ls.
The work performed by a single braked maln wheel is

=1 - =
= JF AL = =/ u_«(G, - Y)dL

A J
by L

(2.13)

1 A
n "mw* Ca { 1 - Ga)dL’

where n 1s the number of airplane landing gear braked nain wheels.

Considering (2.7) and (2.12), we transform (2.13) to the form

2
=1 s t1dg - 1,224z -
Ab = -5 “mw a g J (1 ” ) nz?+a‘ (2.14,

Integrating (2.14), we obtain

KG V
- a_ldg a 22
A, = ng [ ( C,)ln(c'a (2.15)
For z = 1 and Abz = 0, the conscant of integration
KG V
B = ﬂ__a_lgs i ____!_
hE [ ( )In(c+a) ck]'
Substituting this value of B into (2.15), we have
kG V
Fmw* 72 "1dg ; __i_ Vip
A, = o (140 ) moag b RESS (2.16)

or, in dimensionless form:
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(2.17)

a

+ % (z2 - 1)1.

a

From (2.17) for z = 0, we find the fraction of the airplane
kinetic energy which is transrormed by the brake and wheel int> heat

during rollout, i.e.,

THS
_ Pmw
20 T "¢

() m(r2) =51

It 1s better to plot the relation ay = f(z) as a function of

the difference of the values

B K

abz = 20 ~ %z T n::w [(l“";%)‘“(l"'s'za)—i;_]'

Then the ordinate of the abz curve will show

the energy which will be transformed into thermal
brake and wheel by the time the airplane comes to

Figure 2.8. Plot of the function

a, = £(2)
If ¢ = 0,
UK
- _ mw
vz = “2ka
and for z = 1,
b K
2 = -OW_ .
abz 2ka (2K
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the fraction of

energy by the

a complete stop
(Figure 2.8). The total energy
which will be absorbed by the
brake and wheel beginning from
any velocity at the instant of
braking initiation is calculatcd
from the formula:

2
Gavldg -
2gn 3pz-

A, =

z2(2k - zz),

1).
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The rollout distance found from (2.12) 1is

L=— _—EZIgdc In(cz2+ a) + By (2.18)

For z =1 and L = 0,

vldg
By = T In(c - a) (2.19)
and
Viag |, cta
L= 2ge In ct4-a’
For ¢ = 0,
2
L—— Vl(a l__zz
28 a
For z = 0,
2
L = V._l.d_g
2ga

In practice, the airplane piloting process during landing
provides for twc characterlstic stages.

The first stage (immediately after airplane touchdown) is
motion on the two maln wheels with the nose wheel off the runway
and the brakes not in use. 1In this stage, only part of the airplane
kineti- energy 1s transformed into work of the force of resistance
to its motion.

The second stage (from the moment the nose wheel is lowered

and contacts the runway surface) is motion on all the wheels with
immediate use of the brakes.
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Figure 2.9. Braking distance Lbd versus traction coefficlent Hav
and braking initiation speed V
a~ Tu-104; b- Tu-124.

bi®

Considering these stages, we obtain:

a. for the first stage (subscript 1), we have ¢ = Cys @ = 2y,
and z = zl, which corresponds to the velocity at the initiation of

the braked rollout. Then, from (2.19),

2
Vldg n Stta
2g0 C12:+ ay '

Lg=

b. for the second stage (subscript 2), we have c¢ = ¢, and

a = a,. Taking in (2.18) z = z, and L = 0, we obtain

B, = é—é%? In(cazi + ay).

Hence, (2.19) will have the form

v2 :
L— J1dg cEita
2g02 22 4-ay’

Setting z = 0, we obtain
2
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The overall airplane rollout distance L = L1 + L2.

If all the wheels are equipped with brakes, the braking distance
calculation is made similarly to the above procedure.

Airplane flight tests have confirmed agreement of the measured
braked rollout distances with the calculated values.

Figure 2.9 shows braking distznce as a function of traction
coefficient Yoy and braking initiation speed for the Soviet Tu-104

and Tu-124 passenger airplanes.
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CHAPTER 3
FUNDAMENTALS OF WHEEL AND BRAKE STRENGTH ANALYSIS

The following forces act on the wheel during airplane motion /36
(Figure 3.1): the vertical airplane weight force Py, the tangential

force Px from tire traction with the runway surface, and the slde
force PZ, which arises as the airplane travels along a curvilinear

trajectory, during landing with drift, or when taxiing in a cross
wind. In addition, the wheel flange and rim are loaded by forces
from the air pressure ir the tire. With account for the well-known
force independence principle, we shall examine the stress-strain
state of a drum subject to air pressure in the tire (Figure 3.2).

1. Analysis of Wheel Subject to Tire Air Pressure

The tire air pressure exerts very high loads on the drum flanges,
transmitting to the flanges the axial forces Q1 and Q2.

The overall axial loads Q, and Q, acting on the flanges for /3
1 2 =L

circular cross section tires can, with adequate degree of accuracy,
be determined from the formulas:

Qi (R )2 - R‘i};

(3.1)
Q2 = po[ (R -~ r)? — Rg]
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Figure 3.1. Forces acting on

wheel as airplane moves.
Figure 3.2. Forces acting on
wheel drum flange.

where Py is the air pressure in the tire; R, r, and Rt are the tire

dimensions, and Rw is the wheel flange seating diameter.

The Expressions (3.1) were obtained from examination of the
stress state of the tire as it interacts with the drum elements.

The drum analysis diagram shown in Figure 3.3 reduces to
examination of the working conditions of a thin wall cylindrical
shell (rim) together with the elastic annular flange.

The following internal loads, uniformly distributed around 2
circle of radius Rav’ act in the section where the flange and rim

Join: F, is the normal force, QO is the transverse force, and Mo

0
is the bending moment.

From the equilibrium condition follows

Q

0" Zn y

F
Rav

>
The moment MO and force Qo are found from the flange and rim

deformation compatibility condition, i.e., equality of the section
displacements W and rotation angles o

wben + wtr * wpr = wfl;
(3.2)

®phenr ¥ Ptrr ¥ mprr = ®ryo
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¢ Qa where wben’ wtr’ and wpr are
ﬁg ¢ q the rim radial deformations from
R Y437 R the moment Mo, force Qo, and
FIN )g(/aé%é
Ty 21, pressure p,, respectively; o R
S a° < 0 benr
o I Py pd and mprr are the rim
2000 angular deformations from the
LJ _ . moment Mo, force QO, and pres-
-2 N %

sure pg, respectively; ®Ppq is
Figure 3.3. Wheel drum
analysis diagram. the overall flange rotation

angle.

To determine the rim deformations, we use the known thin wall
cylindrical shell equation

34 Py

dx‘+4k‘w=—b, (3.3)

where

3(1 —v2) Ehs
""‘V 30—v)  ,__E .
- 'RZ ' 12(0—+?) °

av

X is the section coordinate (x axis is directed along the wheel
axis); W is the radial displacement; Rav is the average rim radius;

h is the rim wall thickness; and E and v are, respectively, the
ela.;tlic modulus and Poisson ratlo of the drum material.

The general solution of (3.3) can be written as:
W=°"‘“(C|Sinkx+Czcosk.\:.)+ Wo, (3.4)

where W, is the particular solution of (3.3); and C1 and 02 are

0
arbitrary constants.
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The particular sclution of (3.4) will be

2
pPAR
== (3.5)

Wo

Locating the coordinate origin at the junction of the flange
and rim and &lso considering the known expressions for the bending
moment and shearing force, we obtain the following boundary
conditions:

Mx-0=0(% == My: (3.6)
. =0

Q"‘””(%) =Q (3.7)

Xe=p

We differentiate (3.4) three times with respect to x

2 — ke[~ (Ci+ Calsinks + (€ — Cijcos hal;

.o 4 (3.8)

. W = 2k"'e""‘(Cz sin kx — C‘COSkX);
W
dx®

= 2k% **[(Cy — C;)sin kx 4 (Cy 4 Cz)cos kx].

Substituting these derivatives into (3.6) and (3.7), we find
the constants of integration and then the expression for the rim
section radial displacement

2

ehx ) ) p~R
W=m[kMo(smkx—coskx)ql-rooskx]_— OEhav . (3.9)

Taking x = 0 in (3.9), we obtain the rim edge radial displace-
mentst

M, PAR
ﬁ; Wo.=—9°— Wpy = — 0av  (3.10)

W, = .
a D’ Eh

Considering that the section rotation angle
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we obtain for x = 0, the expression for the rim deformation:

Mo . &

Ppen r = &D Pip p %D’ mpr r (3.11)

On the baslis of wheel operating conditions, the flanges must
be sufficiently rigid to exclude the possibility of the tire coming
off the drum. Flange stiffness is achleved by giving the flange a
contoured cross section shape and also by the use of structural
stiffeners (ribs, beads, etc.).

To determine the flange rotation angle, we use the theory of
axisymmetric ring deformation, based on the assumption of cross
section shape invariability.

The wheel flange is loaded by the transverse force QO, normal

force FO’ moment Mo, and pressure q (Figure 3.3).

The pressure is distributed along the annular flange surface,
bounded by the radii Ra and Rb’ and can be found from the formula

q ——3 _L
a(R,— )
Let us examine flange deformation under the acticn of the
applied loads. We align the x axis with the wheel axle and ¢irect

the Po axlis along the flange neutral line.

During rotation of the section through the small angle ., an
arbitrary point B with the coordinates p and Xq acquires a radial
displacement defined by the equality

Aﬁzvn

The relative elongation of the annular fiber B is then

L.
P

g =

9
pxo- (3.12)
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Hence, the corresponding tangential stress

Exo 3
0:=—p—¢~ (3.13)

The invernal force factors at any flange cross section reduce
to the normal force N and bending moment M.

They are associated with the tangential stress o by the
simple relations

M={oxdF and N={ qdf. (3.14)
F F
Substituting (3.13) into (3.14), we obtain
M
$=TSdF
EfT— (3.15)
r. P

For our case

= n
—o“.Mo Rav sinada -—OSQOI Rav sin ada] .

where 7 is the distance between the flange neutral axis and the
point of application of the force QO'

After integrating, we obtain

2

. r3 _ g3
M %(Ra - Rg) - FoRS, - MgR., - IQ4R_. (3.16)

Substituting the values of q and F, into (3.16), we have

0

R:-R’b av
3R —R) 2 3 " Ray(Mp + 1Qg).

(3.17)

M = pof (R—r)t—R}:)]
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Then we find the normal force N from (3.14)
l ]
N=——2—°SQo hav sin a da = -Rano. (3.18)

Substituting the flange and rim deformations found above into
(3.2), we obt2in

l‘ (Qo— kMo)— P2 — o;

"2k3D 4&'D
| M ] (3.19)
_WD(QO—L, o?=¢.
R
(R—rp— R2 (Ra Rb) av av 6(1—2)J,
Mo=,,°[ § ][3(R’ R 2] "o T e ) (3.20)
Rav,l+,)+6(1 —v)J '
R Ravl
0 —p (R—rp- ][3(1?2 k2|
o =1Fg ooty
Rav (14w S0=9) "’” 3219
IR,
6(1—w)J
2k + ,:) p

os ap

- to
R (1+lk)+6“ Dl El
av .

With account for (3.20) and (3.21), the maximal meridional
stresses at any rim cross section are found from the formula

6 . Q) (3.22)
¢ = I:’e "[Mo(‘nskx-}—(x\lo-——iz—)smkx] -+ 2ﬂRavh

2. Determination of Stresses in a Rolling Wheel

The load on the wheel flange from the internal tire pressure
can be considered a static load, since the air pressure in the tire
changes very little as the tire deflects. However, as the wheel
rolls under lcad, cyclic stresses whose magnitudes change with wheel
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Figure 3.4. Typical meridional
stress variation curves for

rolling of a 660 x 200 mm wheel
with different tire deflections.

rotation arise in the sections
at its surface. Experimental
data cn the meridional stresses
measured during wheel rolling
with constant tire pressure

and variable external load, and
also for the case when the tire
radial deformation remains
constant, show that the nature
of the stress variation is
approximately the same for all
drums of conventional construc-

tion. PFigure 3.4 shows typical

meridional stress varilation curves for different tire deflections

for a 660 x 200 mm wheel.

The constant stresses Oa from internal pressure for the

undeflected tire are shown by the stralght line parallel to the
abscissa axis, while the curves of meridional stress variation for

the wheel rolling under load have three peaks with the stress maximum

located at the midpoint of the area of wheel contact with the

supporting surface.

.ne meridional stress curve also has two minima,

located symmetrically relative to the line of vertical force action.
The stress varilation cycle in the rolling wheel 1is characterized by

the maximal and minimal stresses.

To determine these stresses, we introduce the following ratio

(3.23)

where ks is the flange secondary load coefficlent, accounting for

the stress increase with deflection of the tire by the radial load
in comparison with the stress for the undeflected tire; ¢ 1is the
meridioral stress in the given section from the tire air pressure,

determined from (3.22); and op

is the maximal stress at the given

section due to additional flange spreading as the tire deflects.
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The overall maximal stress

at any flarge sectlon will be

cmu=a(l+;,l—)- (3.24)

It has been established
experimentally that the coeffi-
cient ks is independent of tire

({f‘ -—-—14—-.«1_ B ey - S
500 600 1000 700 owm

Figure 3.5 Experimental pressure and will be constant,

variation of flange secondary regardless of the particular
load coefficient ks versus tire combination of loading and tire
g;:?i:ez.D for various deflection pressure for which the given

deflection 1s obtained. Figure
3.5 shows the experimental dependence of the coeffirient ks on tire

diameter for various degrees of tire deflection. By degree of tire
deflection, we mean the quantity:

def
[
def

€ =35

where Gdef is the tire deformation (deflection) for the given load

and G'def is the maximal possible tire deformation.

-ne flange secondary loading coefflcient ks can be either more
or less than one. If ks < 1, this means that the maximal stress in

the flange cross section from the vertical load exceeds the stress
from the tire pressure.

Influence of Wheel Flange and Rim Geometric Parameters on
Magnitude of the Edge Forces and Stresses

Let 13 find how the various wheel geometric factors affect
the conditions of occurrence and nature of manifestation of the
edge effect at the wheel flange and rim junction, i.e., on the
quantities MO and QO.
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From examination of (3.20) /4%
and (3.21), we can draw the
following conclusions: the
momen<t MO and force Qo and, along

with them, the stresses 1n the
wheel flanges and rim depend

linearly on the tire air pressure.

The moment M0 and force QO
Figure 3.6. Relative edge
moment Mo/q versus flange height have a comrlex functional depen-

H for different size wheels (D dence on the flange height and

is the tire dliameter, B 1s the

tire width) its moment of inertia I, the
average rim radius, and the rim
wall thi:kness.

For any valves of the parameters, the edge force and edge
moment can take only positive values.

In the following, when analyzing (3.20) and (3.21), we shall
take only one of the variables as an argument and assign it definite
numerical values. We shall speclfy 1ts range of variation so that
it will lie in narrow limits which are of practical importance for
wheel design.

First of ali, the relative edge bending moment Mo/q for wheels

of different dimensions, other parameters remaining the same,
increases with increase of the flange height H (Figure 3.6).

Figure 3.7 shows the relative edge moment Mo/q and edge force
Qo/q versus rim wall thickness h for different size wheels. We

see from Figure 3.7 that there is scme increzse . f the edge moment
Mo/q with increased rim wall th.ckness near the junction with the

~

flange, and this increase i1s most significant » small and medium

size wheels. Therefore, the meridional stres. .ca.'cticn at these /45

sections will not be proportional to the square »f th. wall thickness
change. For example, calculations show that increase of the rim wall
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Figure 3.7. Relative edge force Figure 3.8. Relative edge moment

QO/q and moment MO/q - ersus rim Mo/q versus flange moment of
wall thickness h for different inertia I for different size
size wheels. wheels.

#hickness from one to three centlmeters in a 1500 x 500 mm wheel
increases the moment Mo by 1.38 times and reduces the stress in

the wall by 6.5 times, while for the 570 x 160 mm wheel, the factors
are 2.2 and 4, respectively.

Thus, lincrease of the rim wall thickness as a technique for
reducirg the rim stresses is most effective for large wheels,

Figures 3.7 and 3.8 show the relative edge force and edge
moment as functlions of rim wall thickness and wheel flange moment
of inertia. Reduction of the edge force 1s observed up tc a definite
wall thickness, equal to approximately 2 cm, and then the force
Increases. In many cases, rim wall thickness increase 1s not
possible for constructional reasons. In this case, stress reduction
is achieved by increasing the flange radial moment of inertia.

3. Wheel Bearing Analysis

Aircraft wheels utllize conical ~oller bearings, whose loading
conditions differ significantly from those for conventicr.al bearings
used in general machine construction. Ailrcraft wheel bearings
experience particularly large radial and side loads during ailrplane
takeoff and landing. In additicn, they operate at wheel rotational
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speeds which vary over a very large range (from zero to maximum
during takeoff and from maximum to zero during landing).

For the analysis, we use three bearing operating regimes,
corresponding to airplane takeoff, landing, and taxiing. For the
takeoff regime, we specify the maximal bearing rpm n,s operational

radial load Prl’ operational axial load P , and the takeoff ground

axl
run L1; for the landing regime, we take, correspondingly, n,, Pr2’

T, o
PaxZ’ and Lys for the taxi regime, we take ns, Pr3’ and L3.
In the analysis, we must also consider the allowable bearing
operating temperature t° C, the magnitudes of the possible short

term radial Pr max and axial Pax max impact overloads, wheel radius

Rw’ and the number of bearing operating cycles n, (one cycle includes

takeoff, landing, and taxi).

First, using the work capacity coefficient requir=d by the
operating _.onditions, we select from the catalog a suitable bearing,

determine its possible service life, and the number of cycles ny

which the bearing can withstand in accordance with itc load capacity
rating.

The bearing werk capaclty coefficient is calculated from che
known formula:

n, (L) + L, + L3)10.3

k, =P k. .k k [ 377Rr

b reqvdrt 4 (3.25)

where ky is a dynamic coefficient (usually kg = 1.8 : 2.5 for
aircraft wheels); kr is a coefficient accounting for which bearing
race rotates (with inner race rotation, kr = 1, with outer race
rotation, kr = 1.35); kt is a coefficient accounting for the influ-

ence of bearing temperature regime on service life.
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Its values are given in the table:

tin®°C 125 150 175 200 225 250

ke 1.05 1.10 1.15 1.25 1.35 1.40

Pr eqv is the equivalent radial load on the bearing, found from

the formula

3,3
P oequ = ¥ 0@ +atQi™ +a Q™ (3.26)
Here
a=%u/l, e=%/T, and as=1/T;
1, is the operating time during takeoff [Tj’=(1j.'1000)/(2ﬂan'1)];

T, is the operating time during landing [t, = (L, - 1000)/(2%R n',)];
T3 is the operating time during taxi [13 = (L3 . 1000)/(2nan'3)];

~N
=

T is the complete cycle operating time (T = T+ T, 13); Bl, By
and 83 are the ratios of the average number of bearing revolutions

in the corresponding regime to the equivalent number of revolutions

per cycle. Thus, By = n‘l/neqv; 82 = n'2/neqv; and 63 = n'3/neqv,

where n'., n',, and n', are the average bearing rpms in the corres-
1 2 3

" = . = . | .
ponding regimes (n 1M max/z, n'2 n, max/2, and n 3 ny max/2),
neqv = (n'ltl + n',t, + n'3t3)/T is the equivalent number of bearing
revolutions; Ql’ Q2, and Q3 are the reduced axial loads in the
corresponding regimes:

Qi =R/ +mA;; Q= Ry+mA;; Qy=Rs+ ma,,
= 2R, Ri=21R ;
(here R‘='§ 1» M2 =972 and R3=Rl) ; and m is tr2

coefficient of axial load reduction to an equivalent radlial load,
defined as

1

"= 26igp’

where B 1s the contact angle between the roller and the retainer.
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After selecting the bearing,
viewy

detaily we determine its service life h
in hours from the relation (the
coefficient C is taken from the

handbook)

= 0’3
¢ Qeqkalkrkt(neqvh) )

The number n, of bearing operating

Figure 3.9. Wheel bearing
analysis diagram.

cycles 1s found from the formula

n, = 60h/T.
Then we make a check calculation of the selected bearing in
the following sequence: we determine the maximal aliowable ccntact
pressure on the bearing inner race; the allowable overleoad with
accoun. for short term action of the maximzl side and maximal radial
loads; the allowable specific pressure on the inner race thrust
collar based on ahsence of lubricant and carbon deposit formation.

The wheel bearing analysis diagram is shown in Figure 3.9.

The maximal contact stress cn the bearing inner race is found
from the formula

P Z (3.27)
2 (20}
r r °
where P is the radial load on the most highly loaded roller P =
4.6 P, max/(z * cos B) (here P. max 1S the maximal radial load);

Z is the number of rollers; B is the contact angle; Zr is the roller
length; dr is the average roller diameter; RB is the rolling radius

at the average roller diameter.

To ensure reliable bearing operatinn, the maximal contact
pressure should not exceed 50,000 kgf/cmz.
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We calculate the specific pressure on the inner race thrust

collar surface with the maximal axial force Ama acting on this

b'¢
collar. We first dete 'mine ti.c area of roller contact with the race

thrust collar:

2

con min

i‘—zy—sinzy) =5 rn,

2
X Tmin
= — 2% — s —_
S (180 s 5'"2§) 2 +( 180

con
where £ is the angle of roller contact with the inner race thrust

coliar; is the minimal dimension of roller contact with the

rmin
thrust collar; vy is the angle between the point of roller contact

with the inner race and the thrust collar; and Rcon min is the

minimal radius of roller contact with the thrust collar.

The maximal side force Ps acting on the bearing collar 1s

j!qelnﬂx SinQ Amax Sin ‘p

s Z  cosPsin® Z sinpsing °

where ¢ 1s the angle between the roller generators; 6 is the angle
between the roller generator and end face.

From the maximal load Ps and the contact area, we find the

specific pressure on the bearing collar

psp = Ps/Scon'

The allogable value of pSp for a bearing should not exceed
3 — 4 kgf/mm".

It is necessary that the bearing withstand, without failure,
<
short term overloads Qdyn/Qst 2 5, where Qdyn is the variable short

term load, equal to Rmax + mAmax (here m is the axial load reduction

coefficient); Q
catalog.

st is the allowable static load, determined from the
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For conical roller bearings
of the ultralight and light duty
series,m = 1.5, ior bearings of

the intermediate series, m = 1.8.

4. Calculation of Wheel Brake
Basic Characteristics and

Strength

Figure 3.10. Schematic of disc
wheel brake.

determining the braking moment,
friction element service life, brake energy absorption capacity,
and also calculatlion of the strength of the basic constructional
element details.

Braking moment calculation. For effective wheel braking, it is
necessary that

The wheel brake braking moment depends on several factors. For
example, for the disc brake shown schematically in Figure 3.10, the
braking moment is

My = TpSpRpns

where fb is the friction coefficient of the brake friction p=ir;
Sb is the axlal brake disc compressive force; Rb is the effec.1ive

friction radius; and n is the number of friction surface pailrs.

The magnitude of the effective friction radius Rb depends on

the contacting surface shape and specific pressure distribution over
the friction area. For the disc brake shown in Flgure 3.10

R + R
Rb ~ _0 5 i ,

where Ro is the disc outer radius and R1 is the disc inner r. Jdius.
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Knowing the required braking
moment and the number n of fric-
tion surface pairs, we can finc

the brake disc compressive force
Sb from the fermula

Mb

S, = +—— . (3.28)
a- cermet; b- bimetallic. b bebn

Figure 3.11. Brake disc
construction.

From the force Sb, we calculate the working pressure in the

brake actuating cylinders
= 2
Py, 1"Sb/F R

where 1.2 1s a coefficient accounting for the pressure losses in

overcoming the spring elastic force and the frictlion force; Fp is

the total area of all the cylinder block pistons.

The brake fricition discs are the primary structural element and
determine, to a considerable degree, “rake performance. Improperly
selected friction material characteristics or improperly selected
disc geometry can cause brake vibration, friction pair material
galling, or large braking moment overshoots. Brake frictlion element
design reduces primarily to determining the geometric (theoretical)
friction area, the mutual overlap coefficient, and the geometric
friction area variation coefficient. The geometric (thecretical)
friction area of the friction discs is the ideal, with respect to /

'\
]

contact conditions, area on which the friction forces are created.
This area depends on the disc dimensions and construction.

Figure 3.11 shows the structural elements of cermet (a) and
bimetallic (b) discs with the geometric friction areas Fl and Fz.

The contact area on the brake discs does not cover the entire
disc area, but rather only a part, reaching in certain cases only
10% of the geometric area.
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As a rule, small discs
consisting of individual sectors
or segments have better contact-
ing capability than continuous
discs. In calculations of the
friction characteristics of a
brake with such discs, it 1is
necessary to know the disc mutual

Figure 3.12. Illustration of overlap coefficient

brake friction disc operation

with improper.y selected disc - 2

sectors. kmut Fch/Fe’ (3.29)

where Fc and Fb are the geometric (theoretical) friction area of one

side of the first (cermet) and second (bimetallic) friction elemunts;
and Fe is the effective friction area, obtained with rotation of the

friction pair elements about the center of revolution.

The mutual overlap coefficient was introduced into the calcula-

tions by A. V. Chichinadze. The magnitude of the coefficient kmut

influences the nature of the temperature distribution in the brake
discs and, to a considerable degree, determines the average surface
and in-depth temperatures, on which depend in turn the friction
ceofficlient and friction palir surface wear. In modern disc brakes,
the mutual overlap coefficient varies in the range 0.6 — 0.8. 1In
disc hrakes with exposed friction surface kmut = 0.2 : 0.3.

The geometric friction area variation which can take place with
imprcperly selected friction disc parameters has a significant
influence on brake dynamic performance. 1In order to clarify this
influence, we shall examine how the friction discs shown in Figure
3.12 operate. These discs have the same number of sectors which are /52
identical in size and shape. It is quite obvious that the geometric
friction area will vary as the cermet disc A slides over the bimet-
allic disc B. The friction area will be maximal when sector B liles
on sector A and minimal when sector B simultaneously overlaps two
adjacent sectors A. Thus, the friction area will change as the
wheel turns. This variation is shown in Figure 3.13a for a brake
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Figure 3.13. Geometric friction
area F (a) and braking moment Mb

(p) for disc brake (with impro-
perly selected discs) as functions
of wheel rotation angle @ and
braking time T.

having the described discs. The
coefficient accounting for
geometric friction area variation
is:

qu"me

L kLTS

Fanax + Frun (3.30)

For wheel braking to be
smooth, the coefficient Yp should

not exceed 5%. When it exceeds
this value, the amplitude of
the braking moment oscillation
may lincrease.

The occurrence of resonant strut vibrations 1s possible for a

certain combination of disc and brake housing stiffness, friction

material quality, and landing gear element stiffness.

Excessively

large variation of the geometric friction area also has an unfavorable

influence on the brake pair load capacity and the magnitude of the

working surface wear.

Knowing the theoretical friction area and

the kinetic energy which is transformed by the brake into heat
energy, we can determine the speciflic braking work and the average

specific friction power.
A = =
sp f an

where Ab

n is the number of friction surface pairs; Fg

The specific braking work

b e

nF_°

(3.31)
g

is the kinetic energy transformed into heat by the brake;

is the geometric

(theoreticul) area of one friction surface; Mb is the braking moment;

and @ 1s the braking distance, expressed in radians.

The average specific frictlon power

A
)

sp I . Mbwbi

(3.32)

(Nsp f'av = 1
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where 1 is the braking time; and
Wy 4 is the wheel angular veloclty

at the moment of braking initi-
ation.

The specific braking work,
the average specific friction
power, and also the speed at
which sliding of the firction

;}fJ elements begins are the basic
abd— L B N parameters determining the brake
operating regime. The specific
LK 0 40 ‘%Bavkgf'm/cm sbraking work A_  1s equivalent

5 10 15 Pgpavkegf/cm®
Figure 3.14. PFriction coefficient

f as a function of the average
specific pressure pspav’ and

stability coefficient LI
function of the average specific

braking power (Nsp f)av'

as a

to the heat energy generated
in the braking process per unit
friction element contact area.

The quantity (Nsp f)av is

the average power per unit con-

tact area. It expresses the

rate of transformation of mechanical energy into the thermal energy.

Studies have shown that,

for aircraft disc brakes, the friction

coefficient and its stability depend both »on the initial sliding

velocity vsl 1°

temperature ev, and on the quantity (N

specific braking work As

p £’ and mass average

sp f)av‘ Figure 3.14 shows the

friction coefficient f versus average specific pressure for multi-

disc aircraft wheel brakes (friction pair:

ChNMKh) .

cities VSl 1

= 18 : 30 m/sec, specific braking work AS

cermet MKV-50A and iron

This dependence 1is generalized for initial sliding velo-

D¢ = 200 =

SOOle/cm2, and mass average brake disc packet temperatures ev =

350 : 600° C.

Possible combinations of Vql 1 A

sp ©° and ev in

the indicated variation ranges can yield deviations in the magnitude

of the frictior roefficient of order +10%.

This same figure chows
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the stabllity coefficlent a versus average specific braking

st
pressure. The stabllity r~oefficient is the ratio

My st
o = ——
st Mb max

where Mb av is the average braking moment during the braking time;
and Mb max is the maximal braking moment for the given braking

operation.

We see from the figure that, for (NSp f)av = 301Q¢7m/(cm2/sec),

the stability coefficient a does not exceed 0.57, which is its

st
maximal allowable normed value. Consequently, use of the given
friction pair cannot be recommended for (Nsp f)av 2 301Q§7m/(cm2/sec).

) and A

sp £lav sp £° Figure

The cermet wear rate depends on (N
3.15 shows this dependence for several values of (Nsp f)av’ gener-

alized for Vsl g = 10 = 30 m/sec and ev = 350 : 600° C. Different

comblnations of v and ev may yleld deviations of Ih from the

sl i
values shown in the figure by 30%. The wear rate of ChNMKh iron is
less than the wear rate of MKV-50A cermet by a factor of three to
four.

It is more convenient to examine the brake friction element
wear rate Ih calculation for a specific example with the following

basic data:

Kinetic energy absorbed by the brake in

a single actuation Ab 6.6 '105 kgf/m
Braking moment Mb 330 kgf/m
Angular friction element sliding

velocity at braking initiation w , 200 sec”!
Brake disc outer diameter Do 245 mm
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Figure 3.15. Wear rate I_ of MKV-50A cermet versus specific braking

work Asp £ for various avgrage specific powers,

Brake disc inner diameter Di 140 mm
Average friction area radius Rb 96 mm
Theoretical friction area of one side

of cermet disc Fc 276 em?
Theoretical friction area of one side

of bimetallic disc Fb 280 cm2
Effective friction area for one side

of disc F, 317 cm®
Number of brake surface pairs n' 8

The calculation begins with determining the mutual overlap
coefficient from (3.29)

K =S _ 0 -9.77.

Then we determine the theoretical friction area for one side of the
friction disc

2

F,.=F_ - k = 244 cm”,

f e mut

After finding Ff, we determine the average specific friction
power (under the condition Mb x const) for the paired (cermet and

bimetallic) friction surfaces
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M uw
= o bl _ ! om2
(Nsp f)av 2Fpn 17 kgf/m/{cm“/sec)
and the specific braking work
Ay 2
Asp £ = -F_‘}—;_n—' = 340 kgf/m/em”.

The values of the friction coefficient and the stability

coefficient, determined from the curves of f‘(Nsp f)av and

ast(N ) in Figure 3.14, are

sp f'av

f~03-+10% and U > 0,7.
The values of the cermet (MKV-50A) and irnn (ChNMKh) wear for
a single braking, .etermined from the Ih(Asp f) curves in Figure
3.15, are

Tpygy  <6:107 s (Tp) cnnmgn <3107 .

The overall friction palr wear is

II <9-10-5 uwm.

n™ Tpdmgy + Ty onnmkn
The brake disc service life is found from this overall wear and
the allowable friction layer thickness.

The required disc clamping force, found from (3.28) is

Sb = ?R—b?l-'-- ~ 1400 kgf.
The average specific pressure on the friction elements 1s

= — x 5,75 kgf/cme.

For an overall cylinder block plston area Fp equal to 18 cm2,
the brake system working pressure is

1.28
b . 2
Py 7 = 95 kgf/cm™.

1Y
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Figure 3.16. Friction pair wear rate Ih (a), specific pressure Psps
and clamping force Sb (b), and friction coefficient f (c) versus

number n' of brake discs.

The results of such a ceg” zulation for different number of
friction surface pairs are shown 1.1 Figure 3.16. ‘le see from the
analysis of these curves that reduction of the number of friction
surface palirs (number of discs), whiie retaining the braking moment
constant, leads to increase of the spreading force, increase of
the specific pressure on the friction elements, and, therefore, to

sharp increase of the wear rate I, and decrease of the riction

h
coefficient . Therefore, increase of the number (n') of rriction
surfaces 1is sometimes used in o.der vo increase friction element

service life.

5. Calculation of Brake System Energy Capacity

The friction pair is the most highly loaded component with
regard to thermal loading. The thermal effect shows up most marked.iy
on the brake and wheel components: cylinder blozk, whevre there arec
rubber detalls, wheel hub with the bearings, and the ftire. For
these components, there is some maximal temperature rise, exceeding
which may lead to shortening the component service life or component

failure.

The amount of heat absorbed by the brake system is proportional
to its mass, the heat capacity of the materials used in the system,

and the allowable mass average friction pair tempe+ature
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Q = k, (éoicpi)(o.—eo). (3.29)

i=t
where

G.‘Cpi == Gicpi S Gncpn.
=1

Here Gi is the weight of the disc structural elements; n is the

number of discs; cpi is the specific heat capacity of the structural
element; kd is a coefficient accounting for heat dissipation during
braking and in the temperature equalization process (kd x 0.85); 8,

is the allowable mass average temperature rise of the brake packet /58

structural elements; 60 is the initial temperature of the brake
structural elements.

The brake system energy absorption capacity is

kd n
n = o O —8) 3 Gicpr, (3.30)

I =1
427
where Ab is the allowable kinctic energy which the brake is capable

A

of transforming; 1/427 is the heat equivalent of work.

As a rule, the maximal allowable brake packet temperature rise
should not exceed U400 — 500° C.

Calculation of the brake energy absorption capacity involves
determining the mass average packet temperature for the given
kinetic 2znergy and packet mass. We shall illustrate the procedure
for calculating the brake energy absorption capazity using an example
with the following initi-” wvalues:

Kinetic energy to be absorbed by brakc

in one application Ab = 800,000 kgf/m
Overall weight of brake pacxet steel

components (steel housings, cermet

discs, ete.) Gy = 14.6 kgf
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Total weight of cermet in braking G
Overall brake disc iron sector weight G

L. Y42 kegf
18.5 kgf

Heat capacity:

steel cp st = 0.12 kcal/(kgf/°C)
cermet cp e = 0.17 kcal/ (kgf/°C)
iron cp 1 = 0.15 kecal/ (kgf/°C).

If we take 60 = 20° C as the iritial brake temperature, the

mass average b.ake disc packet temperature, found from (3.30),
will be

Ab |

Go= TG o = =400°C;
deGicpi 497

= - (o]
ZGicpi cp stht + cpch + cpiGi 5.41 kcal/°cC.

Thus, the mass average packet temperature does not exceed the
allowable value (400° C) and this is a guarantee that the temperature
of the other structural elements also will not exceed the allowable
value.

6. Strengtn Analysis of Brake Details

The primary disc brake friction elements which must be analyz.d
for strength include the tenon-type friction element joints, the
riveted sector joints, the cylinder blocks. etc.

Analysie of brake disc tenmon joints. In brake element scrergth /59

analrsis, the theoretical ultimate braking moment Mbth must be

greater than the operating moment.

The force Puﬂlacting on the rotating disc tenon (Figure 3.17)

is found from the formula

M, ¢n
(D

P =
n
n ten'"1

ten k

+ D2)nc
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where nten is the number of disc

tenons; n' is the total .aumber
of brake friction surfaces;
Mb th is the theoretical ultimate

braking moment ; kn is a coetf  21-

ent accounting for tenon load

PA
nonuniformity [its value depends
on assembly accuracy (usually
Figure 3.17. Diagram of forces kn = 0.75)1; Dl 1s the tenon
acting on disc tenon during

circle outer diameter; and D

braking. 2

is the tenon circle inner diameter.

The tenon joint (tenon on the disc and groove in the drum) is
analyzed in bending, shearing, and bearing:

a. bending stress in tenon

_ 3Pten(Dl B D2) f

1 ten
o = - (= + =), (3.31)
ben ten 2 btensten b Gten
where bten is the tenon width; Gten is the tenon thickness; f‘,“_:1

is the coefficient of friction between the tenon and the groove

(usually ften = 0.1 = 0.15);

b. shearing and bearing stresses in tenon

3P
ten
T = (3.32)
sh 2b6ten ?
P
ten
o = —L=21 (3.33)
be Gtenhbe

where hbe is the bearing area height.

In all the above calculations, the strength safety factor is
determined from the relaticns:
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°=u ' sh
_—l.>/oo or n= T
o sh

=120,

wnere 6°
6 aTsh

account for heating (in bending and shear).

Analysis of riveted joint. Rivets are used to attach
or iron sectors to the steel load-carrying structure. The
appliad tc the rivet is found from the formula (see Figure

M) ¢h

P =
riv kn(D3 + Dz)nsn

£riv
where Mb th is the theoretical ultimate braking moment; D3

sector outer diameter; D, is the sector inner diameter; n

2 s

numb2r of disc sectors; Ne is the number of brake friction

and n v is the number of rivets per sector.

ri

Verifiecation of brake cylinder block strength is made

is the compor.ent material ultimate strength with

the cermet
force

3.17)

(3.34)

is the
is the

surfaces;

on the

basis of the theoretical ultimate pressure in the brake system

(3.35)

where ks is the safety factor; Fp is the overall ston area; S_ 1is

the brake spreading force.

£

In the strength calculation, the bottom of the cylindrical

part of the cylinder block is considered a circular plate,

clamped

along the outer edge and loaded by the uniformly distributed pressure

Py th (Figure 3.18). The maximal stress at the outer edge
2
3 Py ¢nf
Omax = - - ———
4 q

(3.36)

where R is the cylindrical part bottom radius; and 61 is the

cylinder block bottom wall thicknewo.
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The stress at the center of
the cylinder block bottom

5= 3%Pp tn+v)

s (33D

where v 1s the Poisson ratio of

the cylinder block material.

Figure 3.18. Schematic for
brake cylinder block cylindrical

segment analysis. The cylinder block strength

is verified for constant wall
thickness 61 and uniform loading by the internal pressure (pb th) on

the basis of the stress

R
sh (3.38)

Pp tn

(4 B

where Rsh is the average cylinder block radius.

The stresses in the block channel walls are found from the
known Lamé formula

R+ ri

=Py tn T (3.39)

» where Rl is the channel outer radius; r2 is the channel inner radius. /61

The strength condition for all these calculations is

g
) :;_;;1__ 1220,

where ou is the c¢ylinder block materlial ultimate strcangth.

7. Brake Strength Analysis with Side Loads Acting on the Wheel

Turing airrlane taxi, takeoff run, or postlanding rcllout,
latoral osclillations of both the wheel axle and the brake wnich is
r igidly mounted on the landing gear may arise because of runway
surface irregularities. These vibrations are transmitted from the
brake housing to the brake disc packet. Since the brake discs can
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move freely in the housing slots
and are not rigidly coupled
with the housing, this leads to
the aprearance of a diffecrence

between the brake housing linear

velocity and the brake packet

velocity. As a result, the brake
Figure 3.19. Schematic for
analyzing brake under the action packet may contact the brake
of side loads. housing, which leads to the /6:

appearance of large axial loads on the brake detalls and peak
brraking moment values.

The peak braking moments can be reduced by installing in the
brake packet elastic damping elements which are capable of reducing
the packet impact energy. The basic parameters of such damping
elements are determined as follows (Figure 3.19).

The basic data for the calculation are:

— brake disc packet weight Gb

— maximal clearance between the disc packet and the brake

1=(a+b);

— brake axial oscillation frequency f';

housing support flange Gc

— maximal load factor n'ax in the axial direction for a

particular o<cillation frequency.

We assume that the wheel oscillations Z in the axial direction
are harmonic and follow a sinusoidal law, i.e.,

Z = A’sinwr, (3.40)

where Z is the instantaneous brake housing vibration amplitude; A'
is the maximal vibration amplitude; w is the vibration angular
frequency; and 1 is the vibration time.
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In accordance with (3.40), the maximal wheel and brake housing
acceleration 1is

Z=Aw

Considering that Z = nax'g and w = 2nf'; we obtain the vibration
amplitude

The brake packet maximal velocity is found from the relation

Vaaz = Ao, (3.41)

The packet relative velocity (relative to the housing) at the
instant of impact is

Vimp = Vmu.—z"—‘me—A'mcosmo. ‘

where 2 is the brake housing velocity 1in the axial direction; 9 is

the time of disc packet movement from the instant of reaching the

velocity Vmax until contact with the brake housing, found from the

equation

6cl

[
15' Vimp dx =So (Vaex — A’e cos 0 -1) dx,
0 (3.42)
/63

601 = VmaxTo"‘ASin(l)To. _—

From the values of the velocity V and the disc packet weight,

imp
we find the packet kinetic energy at the instant of contact with
the brake housing

Uimp g * 2

The force arising on the brake housing support flange at the
instant of impact can be found from the fecrmula

(3.43)
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where

Kk =1+V1+U_1@E-
2

dyn Upot

Upot =

N

pdsts

Gst is the support flange deformation with static application of

a load equal to Gb'

v

For ratio U /U

imp’ Ypot 110 and taking G, = cé
(3.43)

b st> “e obtain from

:

c mV ‘/ 2
den c my 1mpc’

where m is the brake disc packet mass and ¢ is the brake housing
support flange stiffness.

This force exceeds the brake disc clamping force Sb in certain

cases by a factor of 3 — U, which is the reason for the appearance
of the braking moment peak overshoots.

The braking moment overshoot peaks can be reduced by installing
in the brake packet elastic damping elements which are capable of
reducing the impact force. The basic parameter (stiffness) of such
a damping element can be found as follows. Assuming that the force

den must not exceed the clamping force Sb, we obtain
den = Sb = /mV impc,
hence,
2
c =__.Sb_
el mv2
imp
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In this case, the brake packet kinetlc energy at the moment of
impact with the brake housing support flange is equal to the elastic
damping element deformation energy, i.e.,

G, V2
b imp _ 1 o 52
g2 2 "elel’
where Gel is the elastic element deformation with application of
the load den = Sb‘

70



CHAPTER 4

BRAKED AIRCRAFT WHEEL CONSTRUCTION

~N
(=)

1. Wheels with Disc Brakes

The braked wheel with a disc brake has a complex construction
with a large number of components and detail parts (Figure 4.1).
The wheel itself 1s a cast or stamped drum 2 with two outer flanges
which restrain the tire securely. One of the flanges is integral
and is fabricated as one with the wheel. The other removable flange
is formed from two removable half-flanges 5 mounted on the drum
(Figure 4.2). The half-flanges 8 are located on the drum by the
stationary keys 7 and are connected with one another by the joining /67
plate 9 and bolts 10. The axial force from the tire acting on the
half-flanges is taken by a special thrust ring. Two radial thrust
roller bearings 17, between th: inner races of which there 1is a
spacer sleeve 16 to prevent overtightening of the bearings, are
pressed into the drum hub. The outer grease seals 12 are installed
to seal the drum inner cavity between the bearings and prevent lubri-
cant leakage from the cavity. The protective cover 11 protects the
outer grease seal ~nd axle detalls from any possible damage. Stecl
guides 5 which are attached to the drum by the rivets 6 are pressed
into slots on the wheel drum. The tenons of the rotating brake
discs extend into the guides.
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The basic brake components
are: housing 18, cylinder block
19, nonrotating bimetallic discs
3, rotating cermet discs 4,
clamping disc 2, and brake
release units 15. On one side
of the brake housing, usually
fabricated from alloy steel,
there 1s a support flange with
bimetalllic sectors riveted to

it, and on the other side,

there is a flange for mounting

the brake on the landing gear.
Figure §.1. General &iew of The brake housing has longitudinal
wheel with disc brake. slots, into which the bimetallic

1- tire; 2= drum; 3~ radial disc tenons extend. The bimetal-
thrust bearings; U4- protective
covers; 5- removable haif-

l1ic and cermet discs consist of

flanges; 6~ brake. a set of sectors riveted on a

Figure 4.2, Construction of wheel with disc brake.

1- wheel drum; 2~ clamping disc; 3- nonrotating disec; U- rotating
dlsc; 5- guide; 6- rivet; 7- key; 8- half-flange; 9= Jolning
plate; 10=- bolt; 11=- protectiv. cover; 12- grease seals; 1+:=
geared drive; 1l- electrical sensor of antliskid system cmnﬁgel; ,
15- brake release unit; 16~ sleeve; 17- rollerlbear}ny; 1%~ brake
housing; 19- cylinder block; 20~ cylinder block piston.
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ring. For smoothness cf braking,
the number of bimetallic and cer-
met sections on the discs should
be ifferent. Wide use has
recently been made of a different
cermet disc constructicn, con-
sisting of steel bodies with
speclal radial slots to compen~
sate for the temperature defor-
mations and cermet sectors
riveted on both sides of the
discs.

Figure 4.3. XB-70 brake.

During braking, the working fluid or ailr, entering the cylinder
block under pressure, displaces the pistons 20 and creates an axial
force (see Figure 4.2). This force displaces the clamping disc 2,
which forces together the bimetallic and cermet discs.

As a rule, an antiskld controller or the electrical sensor 14
of an antiskid system controller is mounted on all braked wheels.
The sensor 1is mounted on a special bracket on the brake housing and
is driven by the geared drive 13.

An important drawback of disc brakes is the slow cooling rate.
Therefore, forced cooling with the aid of special cooling systems is
often required for such brakes.

Another braked wheel varlesat with disc brakes, used on the XB-
70 Valkyrie, is shown in Figure 4.3. 1In this construction, the
braking element 1s located in the bogle itself. 1In tnls configura-
tion, the wheel drum is 1solated from the brake and, consequently,
tire overheating is eliminated. 1In addition, acccrding to the
manufacturer, the bogle constructlonal volume makes 1t possible to
obtaln a braking moment on the order of 3 ° 106 kgf/m with compara-

tively small tire diameter (1050 mm).

13
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Figure 4.4, Aircraft wheel with expander tube brake.

1- valve; 2- tire; 3- nut; U- cap; 5- cup; 6, 10- flanges; 7-
felt ring; 8- bolt; 9- grease geal body; 1ll- self-locking nut;
12- flange with grease real seat; 13- grease seal; 14~ cap; 15-
roller bearing; 16, 17- driving and driven gears; 18, 19- splined
sleeves; 20- sensor bracket; 21- senscr; 22- b..1t; 23- brake
housing; 24- fitting; 25- valve; 26- brake expander tube; 27~
shoe; 28- lining; 29- key; 30- drum; 31- half-flange; 32~ bolt.

2. Wheels with Expander Tube Brakes

Expander tube brakes are very simple in construction, however,
they have quite good operational characteristics. Figure 4.4 shows
a wheel with two expander tube brakes. The wheel drum is cast.

At one end of the drum there is a thrust collar, on which the
removable ralf flanges 31 are mounted and are held in place by the
key 29 and tie bolts 22. The bimetallic braking linings 28, which
are steel rings with special iron sintered to them, are attached to
the drum disc by special screws.
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The wheel b—ake consists of
2,346 the housing 23, mounted on the
VM landing gear flange, the cups

5% and flanges 6, forming a

~ - — cavity for the brake expander
tubes 26, on which there are
mounted the brake shoes 27
(rectangular plastic blocks

“b:kGf . w;NBgf ‘n/s

goo||
800
700}
3005} 600 |}

oot 400 N reinforced by a steel carcass).
- Z; K] g?hgg The pressure is supplied to the
| L brake expander tube through the

lmﬂ" 100 Py

0 20 N ts

fitting 24 and tube valve 25.

) The tire is inflated with air
Figure 4.5. Variation of bulk .

temperature 6, braking moment through the valve 1. The wheel
Mb’ and power Nb in expander is equipped with the antiskid

tube brake during braking. system controller electromechani-

cal sensor 21, mounted on the
speclal bracket 20. The sensor is rotated by a drive consisting of
the gears 17 and 16 and the splined sleeves 19 and 18.

The brake works as follows. Upon actuation of the brake, the
brake expander tube under the pressure of the entering air (or
liquid) forces the brake shoes against the lining. The resulting /70
friction force creates the bra':ing moment. In the wheels with
expander tube brakes, the heat created during braking is absorbed
by . .e brake lining, whose temperature may reach 300° C. At the
same time, the temperature at the brake lining friciion surface may

reach 1000° C during the braking process.

Figure 4.5 shows typlical curves of mass average temperature ev,
braking moment Mb’ and brake power Nb during the braking process.

The maximal temperature differential through the lining tizic4nesc
(from the contact surface to the periphery) is observed at biaking
initiation and reaches approximately 1000° 7. This temperature
differential may lead, in the course of tir_, to the appearance of
cracks and separation of the 1iron from the steel ring.
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The temperature of the other brake and wheel elements 1is
usually considerably lower than that of the brake lining. For
example, the temperature of the drum under the tire bead is= usually
1/4 — 1/5 of the lining temperature and the temperature in the
bearing area is about 1/8 — 1/10 of the lining temperature. The
wheel drum temperatu:e rise depends to a considerable degree on the
size of the air gap betwe 1. the brake lining and the drum inner
surface.

The wheel braking moment can be found from “he formula

Mb = bnpfrFer’ (§.1)

where fbs is tue coeficient of friction between the brake shoes
and lining, f = — 0.4, depending on the friction pair material;

pfr is the speciiic pressure on the friction surface; Fe is the

effective friction area; ard r is the braxe lining inner surface
~adlius.

The magnitude of the specific pressure Pep = Pe = Py “ere P,

p’
is the pressure in the brake tube and pbp is the backpressure, whose

magnitude depends on the elasticity of the brake tube and the return
springs.

The effective friction area
- » 4
Fe = kmua2n; u.3)
vhere kmu is the coefficient of mutual overlap, accounting for the

brake construction (kmu = 0.8 ¢+ 0.9); a is the brake shoe width;

and r is the bra%e 1lining inner surface radius.

The br - .'x moment frrmula (4.1) can be transformed to the form

Mo = ColpsPer (5.4
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where cc is a constructional constant (Cc = Fer).

Along with the advantage of constructional simplicity, the
expander tube brakes have significant drawbacks. These are, first
of all, the possibility of brake .tube failure as.a consequence of
overheating and the resulting possibility of fire as the brake fluid
contacts the hot lining. Another drawback of the brake 1s the
absence in 1its construction of a brake shoe wear compensator. As
the brake shoes wear, the clearance between them and the linihg
increases and, therefore, the amount of liquid (for hydraulic .brakes)
or air (for pneumatic dbrakes) required to force the shoes against .
the lining increases, as a result of which the brake application
time increases and the brake system dynamics deteriorate.

3. Wheels with Shoe Br=zkes

At the present time, wheels with shoe type brakes are used on
comparatively small airplanes.

A typical construction of a wheel with shce brakes is shown in
Figure 4.6. The brake has two independent rigid cast shoes 3 with
brake linings. Each shoe is hinged to an anchor shaft 10, waich is
mounted rigidly in ears of the brake housing 14.

Two cylinders 7 are mounted on the brake housing and their
Wors ..g chambers are interconnected by tubing. The cylinders
have an external fitting 16 for connection to the airpiane brake
lire. The cylinder pistons 5 have circular sealing rings and
protective rubber sleeves 8 to seal the cylinder working chambers.

Expansion of the shoes is accomplished with the aid of the
unequal arm lever 9, which is hinged on the shoe anchor shaft. The
short lever arm, having :+ the end the regulating screw 1 with the
nut 2, rests on the free end of the shoe, while the rod 6 at the end
of the Yong lever arm rests on the piston. When fluid is supplied /1
under pressure to the cy'inders, the shoes are forced against the
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Figure 4.6. Shoe type brake construction.

1- regulating screw; 2- nut; 3~ cast shoes; U4~ return spring;

5- piston; 6~ rod; 7- cylinder; 8- protective sleeve; 9- unequal
arm lever; 10- anchor shaft; 11- regulating screw; 12- bevel gear;
13- bevel gear; 14- brake housing; 15- cover plate; 16- external
fitting.

wheel brake linings and retard the wheel. The higher the fluid
pressure, the larger the braking moment developed by the brake. The
moment 1is transmitted through the anchor shafts to the brake housing,
which is bolted to the landing gear flange.

The central hole in the brake housing is used to center the
housing relative to the wheel axle. When the pressure in the
cylinders is released, the return springs 4 pull the shoes away
from the lining to the initial position and unbrake the wheel. 1In
the unbraked state, a clearance equal to 0.3 — 0.4 mm is provided
between the brake lining and the shoes,and this clearance is estar-
lished and regulated by the regulating screw 11, which is rotated
by the bevel g=ars 12 and 13. The protective cover 15 protects the
brake agains’ rt.
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Figure 4.7. Mirage airplane wheel and brake manufactured by
Hispano-Suiza.

Special Wheels

These wheels include the hermetically sealed wheels used for
amphibian airplanes, wheels with variable tire pressure, and wheels
with fan cooling of the brakes. Their structural elements are
fabricated just as in the cases examined above, except for the
materials of the individual detall parts.

In order to ensure smoothness of the braking process and
eliminate braking moment overshoots in the various regimes, use is
made of a special disc brake construction. Smoothness of the opera-
tion of this brake 1s achleved by introducing on the support flange
slde of an annular lyre-shaped spring which plays the role o1 8
pretensioned spring damper.

Figure 4,7 shows the wheel and brake manufactured by Hisparo-
Suiza for the Mirage airplane [35]. The wheel 1s split and consists
of two halves which are tclted together; a disc type brake is used.

Lightwelght disc brakes with exposed friction surface are
sometimes used for the wheels of light airplanes or hellcopters.
Figure 4.8 shows disc brakes with exposed friction surface manufac-

tured by Messier.




Pigure 4.8. Disc brakes with exposed friction surface manufactured
by Messler.

5. Basic Wheel and Brake Component Construction /74

vstietssisiistis

Standardized elements and components are used in the construction
of various braked wheels: plstons and ecylinders; brake discs,
¢learance regulators, ete. For example, these components include
the standard hydraulic brake plston unit consisting of the sleeve 2,
which 1s thnreaded into the block 1, and the piston 3 which displaces
under the action of the pressure force or the return spring elastic
force (Figure 4.9). The sleeve 2 is sealed by the O ring 6, which
is compressed by 20 — 25% of its volume as the sleeve is installed
in the block, while sealing of 1ae moving piston 1s accomplished by
the rubber O ring 5, installed in the forward part of the sleeve
and which is compressed by 15 — 20%.

The teflon washer 4 is installed ahead of the 0 ring 5 to
protect the latter against dirt. The location of the piston O ring
5 in the forward part of the sleeve ensures good lubrication of the
piston palr by the working fluid. In addition, when using a hollow
piston, the working fluld will cool the sliding rubber seal.

A typical pneumatic brake piston unit is shown in Filgure 4.10.
Its construction 1s more complex than that of the hydraulic brake
piston unit because of the necessity for a high degree of hermeticity
and provision for effective lubricaticn of tae unit. In this element,
sealing of tne stationary sleeve 18 accomplished by the rubber ring
1, while sealing of the piston 1is accomplished by the ring 2, located
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Figure U4.9. Hydraulic brake _—
piston element. Cc A

1- block; 2- sleeve; 3-
piston; U4~ washer; 5, 6-
O rings.

Figure 4.10. Pneumatic brake
pliston element.

l1- sleeve O ring; 2- piston
O ring; 3- piston; U~ O ring;
in the forward part of the sleeve. 5- actuating piston.

Lubricant 1s supplied i~*~ the

zone ortween rings 2 and 4 from chamber A by the piston 3 when the
working pressure is applied to the block chamber B and the cylinder
chamber.

Figure 4.11 shows a typical wheel brake release unit which
does not have automatic regulation of the clearance between the
pressure disc and the brake packet. The unit consists of the
spring 2, one end of which rests on the end plate 1 and the other
end of the plate of rod 3. The rod is connected with the pressure
disc by either a threaded connection or a Tee-type connection.

A typical collet type wheel brake release unit with automatic
regulation of the clearance between the pressure disc and brake
packet 1is shown in Figure 4.12. Such units are used with strictly
limited clearance between the pressure disc and the brake packet,
since with excessively large clearance formed because of friction
disc wear, the fluld volume necessary for wheel brake application
increases, and, in addition, disc centering deterlorates.

In this unit, the profiled rod 5 is connected with the
pressure disc 6. The sleeve 3 on the end of which the spring
4 bears is rigidly attached to the rod 5 itself. The rod 5 1is
partially centered in the threaded insert 7, which is screwed into
the collet 2. The teeth of the lobes C of the collet 2 enter the
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Figure U4.11. Brake release unit. Figure 4.12. Collet type brake
release unit with automatic
regulation.

1- end plate; 2- spring; 3- rod.

1- block; 2- co.let; 3- sleeve;

grooves of the rod 5, whose pro- 4- spring; 5- rod; 6- pressure
file permits the rod 5 to displace disc; T7- threased insert.

onl ' in one direction. During brake ar»iication, the pressure disc
6, :isplacing through the distance A, compresses the brake packet.
The red 5 and the attached sleeve 3, which compresses the spring 4,
displace together with the pressure disc. The collet 2 also dis-

pl ices along with the rod until its shoulder contacts the body of
the block 1. If the clearance A < B, the unit cannot automatically
regulate the clearance between the pressure disc and the brake
packet.

Automa‘’ ic regulation of the clearance between the disc and the
packet takes place as follows.

As the brake packet wears, the clearance A lncreases and, during
braking, the shoulder of the collet 2 contacts the body of the block
1 before the pressure disc contacts the brake packet. With further

movement of the pressure disc 6, the rod 5 begins to displace relative

to the collet 2, thereby compensating for brake packet wear. When
the packet wear reaches a magnitude equal to the rod profile tooth
aitech S, the collet lobes spread and the rod advances one tooth,

@ .~ the magnitude of the wear S. After brake release, the
gr i returns the sleeve 3, rod 5, collet 2, and disc 6 to the

2.+ position. In this case, the clearance A again becomes equal

1al value, while the :rring 1s further compressed by the
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magnitude S. Thus, the unit
makes 1t possible to alter
automatically the clearance
between the pressure disc and
the brake packet in the limits
from A to A + S.

Figure 4.13 shows a friction

type brake release unit with
Figure 4.13. Priction type brake automatic regulator of the
release unit with automatic clearance between the disc and

regulation. the packet. In this unit, the

1- thrust nut; 2- spring; 3-
ring; U4 clampy 5- covers rod 6, one end of which is
6- rod; T7- pressure disc. connected with the pressure

disc 7, 1s located 1inside the
split collar 4 with the thrust nut 1. Between the ring 3 and the
nut 1, there is the precompressed spring 2; the lobes b of the collar
4 are drawn together by two bults, as a result of which the rod 6
can extend only with application to it of a definite force. The
entlire unlit is mounted 1n the brake cylinder block and enclosed by /1
the protective cover 5. During piston movement, the pressure disc
7 and the rod 6, held by the clamp U4, displace together. In this
case, the ring 3 remalins stationary while the spring 2 1s compresed
by the displacement of the pressure disc 7. As the pressure on the
piston decreas2s, the spring 2 displaces the clamp 4 and the rod 6
coupled with it (to the left in the figure). When the brake disc
wear becomes such that the pressure disc must displace by a magnitude
Sl > 3, in order tc “~ing the discs together, the clamp 4 contacts
the cover 5 and th. :od 6, overcoming the friction force, displaces
by some distance relative to the clamp 4. We note that the friction
force, which holds the rod reiative to the clamp 4, must naturally
be greater than the compression force of the spring 2 and must not
change during operation. Reduction of the friction force leads
to maladjustment of the brake release unit, while excessive increase
of the friction force leads to reduction of the braking moment as

the brake discs wear.
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Figure 4.14. Sectional cermet Figure 4.15. Sectional cermet

disc on ring. disc on carcass.
1- ring; 2~ sector; 3- steel 1- carcass; 2- sector; 3-
plate. bushing; Ui- rivet.

Cermet and bimetzllic discs are used as the friction elements
in wheel brakes. In construction, they may be either monolithic
or bailt up from individual sections. The cholce of the particular
construction depends primarily on brake operating conditions and
required brake service life.

Sectional construction of the discs on either a ring or carcass
permits the brakes to function with very high specific energy loadings.
The high disc tvemperatures, reaching 500° C during braking, cause
high temperat:._-e stresses in the discs and, as a consequence, defor-
mations in the individual elements. In this regard, sectional
discs are better than continuous cermet and bimetailic types. The _l§
built-up secticn cermet disc and ring construction usually consists
of a continuous ring 1 with a set of sectors 2 riveted or. both sides
(Figure 4.14). Each half of the sector 2 iIs a steel plate 3 of the
required configuration, to which a cermet layer is sintered. Each
sector (or every other sector) 1s coupled with the ring by a steel
shaft which also takes part of the load acting on the sector during

traking.
The carcass type disc construction consists of the steel carcass

1, having radial slots, and the bushings 3 (Figure 4.15). The cerm:t
sectors 2 (steel plates with cermet csintered to their surface) are
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attach'd in pairs on the carcass by the rivets 4. After assembly
on the carcass, each cermet sector must have some free displacement
(free play) in the friction plane relative to the steel carcass.

Usually high alloy or high temperature steel is used for the

cermet disc carcasses. Continuous discs with cermet sintered on
them are used in certain brake designs.
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CHAPTER 5

AIRCRAFT TIRES

™~
-3

1. Basic Characterlistics of Tires

The shock absorbing and load carrying capacicy of tires depends
on their geometric dimensions, internal press.re, and structural
stiffness. These propertles are characterized by the curves of

radial load Pr on the wheel versus tire deflection § Typical

def”
deflection curves for different tire pressures are shown in Figure
5.1. There are several characteristic points on the deflection

curve: Gst def is the tire deflection corresponding to the static

radial load Ps on tne wheel with the airplane parked and is usually

t

equal to 30 — 35% of the total deflection; § is the total

tot def
deflection (see Figure 5.3) corresponding to the total radial load

Ptot; Ga def is the maximal allowable deflection corresponding to

the maximal allowable radial load Pa and usually equal to 95% of the

total deflection; § is the deflection corresponding to the

bur aqef

bursting load P at which the tire may burst.

bur

For nose wheels, in addition to the static load Pst ving on

them, we also specify the airplane dynamic load Pd acting during

yn
braking. In this case, the tire deflection should be:
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bedesladefhor deffbur def
Figure 5.1. Tire deflection Figure 5.2. Illustration for
diagram. determining contact area for

tire of circular profile.

8 0.56

a def = tot def’

The basic tire characteristics are: supporting surface area F, /80
radial load Pr’ and magnitude of the work A during deflection.

As a rule, these characteristics are determined experimentally
by static or dynamlic deflection of the tire on a press or impact
tester. However, in wheel or tire design, the necessi*y for deter-
mining these tire characteristics by calculation arises in c¢ 'rtain
cases.

Determination of Tire Supporting Surface Area

We can conslder with accuracy adequate for practical purposes
that, for a tire of circular cross section, the supp rting surface 1is
an ellipse with semlaxes y and z (Figure 5.2). The magnitudes of
the semiaxes y and z depend on the tire degree of deflection 6r def

under radial load. The theoretical tire supporting surface area 1s

Fth = kmnyz, (5.1)
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TABLE 5.1%

Tire Tire 4hctua1 Print Theoretical | Correction
?ize pressure area length area factor
DxB) 2 F and F k
kgf/cm ac | width t
(axb)

10 320 28,6 13 25 1,08
%i% 12 300 32,5x14,5 85 1,00
880230 13 825 36x17,6 98 1,08
930 % 305 9 % 2% 04 1,00
1100X 330 9 04 45%x23.5 32 .1

#Commas in numbers indicate decimal points.

where k 1s a correction factor which is the ratio of the actual

contact area Fac to the theoretical area Fth’ calculated for an

ellipse with the same axes.

According to the experimental data, for tires of circular (or
nearly so) profile, the factor k varies from 1.03 to 1.14 (1.08 can
be taken as the average value of k).

Table 5.1 presents the actual and theoretical contac. areas for

Soviet tires for Gst def"

The values of y and z are found from the empirical formulas

y=(B,+§)V Sr der 2="V Sr der
. : ]
tot def tot def
~r = - < Lo
whrre r' 0.94 /D&tot def [ tot def is the semi-major axis of the

supporting contact area el:i:se with complete tire deflecticn; £ 1is LQ_
the linear dimension between the rim flange and the point bounding

the axial transverse dimension of the contact area with cc.plete
deflection (Figure 5.3), which depends on the tire sidew :11l stiffn=ss

and its geometrical dimensions

£ = 0'u56tot defze d.
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Figure 5.3. Schematic of tire deformation during detlection.

Here Ze = ZO - Bl is the length of a closed tire element of

width dz cut out in the vertical direction (see Figu.2 5.2) and
ZO = (d/2)a, and the angle a (in radians) is found from the equation

wsa=1— - tot def

d .

With account for the formulas for y and z, the theoretical tire /82
coriact area will be

)

def .
F,.= 3.4r'(B, + 6)3————— . (5.2,
th 1 tot def

Determination of Aliowable Radial Load on Tire

The radial load experienced by a tire is

P F, P (5.3)

e~ Cseititniex
where Pex 1s the excess pressiure in the tire; Corit is the tire stiff-

ness coefficlent. (It has been found experimentally that, on the
average, C ., * 1.12, 1.e., the stiffness 1s about 12% of the radial

load on the tire).

89



The excess pressure in the tire

. Way .
= p—1l= 4 -}
Pex =7 T W= der("‘",a'_}

where

" ger " her ys
9

re T — - sin (
tot def ct.ot def

p' 1s the absolute tire pressure referred to atmospheric pressure;

Py 1s the absolu.e initial tire pressure; and V, is the initial tire

0
air volume

v.=-’;‘5-(n.+m.

here Dl is the wheel rim diameter, d1 is the average tire cross

section diameter based on the average tire wall thickness (d1 =q -
28°').

~ Approximately, the initial tire volume

where D is the tire outer diameter.

Substituting the expressions found for Fth and Pex into (5.3),
we obtain

W' ) Sger
P.==3.8r’(8:+§) -1 e (5.4)
[2v ~iot de 1‘""’9' Stot der

For small changes of the tire alir volume and comparatively high
initial pressures (more than 3M/cm2), taking p'y * P, and p! = p,
we obtain '
> 7.5:" (By 4+ i)foVo . 8ger
0= 8ot der BB St ger

P, = (5.5)

where Po is the internal tire pressure.
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The radial load for complete deflection, i.e., for § = ctot def;

) ) 187 (B: + D PWVs
r’tot def We—n'8, o gerBtd)

(5.6)

Determination of Pressure PForce Work During Tire Deflection

The pressure force work during tire deflection.is found by
planimetry of the shaded area beunded by the defleetion eurve
Pr(cdef)’ constructed experimentally or from (5.8), and the

abseissa axis, as shown in Pigure 5.1.

The shaded area. is the work ‘A for internal tire pressure Py
and complete tire deflection Gtot def*

Analytically, this work can be determined approximately from
the formula

where D and B are the tire dimensions (diameter and width).

Influence of Nature of Action of Load Applied to Tire on
Deflection Work

In the case of statlic tire deflection with the airplane parked,
the air in the tire 1s compressed isothermally, while during
airplane landing, when complete deflection takes place in 0.1 —
0.3 seconds, the air i. compressed adiabatically.

We assume the change of the theoretical contact area F,_, as a

th
function of deflection magnitude to be the same for static and
dynamic action of the load on the tire. Then, neglecting the

action of the tire inertia forces for the dynamic (den) and static

“(Pst) loads, we obtain:
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Payn = CsFtnFfaas
Pst = csFthPex;
. - Lad
1 Pex
.. M—1 /84
=5 -
& e P'.l—l'
' 0.411
Taking kl =n , where n = VOIV is the degree of air

compression in the tire, we obtain

- - » l]—l
Payn = *¥1Fst '(""' p-.,,__.)Pst’

The compression work for a dynamic load

Adyn = k2Ast’
where
., k-1 . U |
. alnn
A=

Considering that the degree of air compression in tires n can
vary from 1 to 2, with adequate degree of accuracy we obtain

k=035 40,65 &k =0,16n+084; &k = 041n+4059

for a=1: ki =k =ks = 1.

Studies and calculations have shown that influence of the
dynamic nature of the load action is not very great and the incre-~
ment of the force Pr does not exceed 10 — 15%. However, in

particularly unfavorable cases, for example, during hard airplane
landing, this force along with the pressure in the tire may increase
by 25 — 30%.



2. Alrcraft Tire Construction

At the present time, both
tube type and tubeless tires are
used on airplanes (Figure 5.4).

The tubeless tire consists
of the body 3, stiffening rings
7, breaker 2, and tread 1. The

Figure 5.4. Construction of tube tire has, in addition, the
tube type (a) and tubeless (b) innertube 5 with valve 6 and

tires.
1- tread; 2- breaker; 3- body; chafing strip 4.

4- chafing strip; 5- innertube;
6- valve; T- stiffening ring;
8- rubber layer.

For complete hermeticity,
the tubeless tire has an addi-
tional rubber sealing layer 8.

The multilayer tire body is fabricated frcm cotton or kapron
cord. Stiffening rings made from special wire are built into the
bead in order to increase the stiffness. The body is reinforced
by the breaker — a rubber layer over which the tread 1 is laid.

Various materials are used for the tire body, depending on the 4§5
operating conditions. In those cases when the operating temperature
range is $55° C and the tire temperature rise after braking does not
exceed +100° C at the point of tire contact with the wheel drum,
cotton cord and conventional non-heat-resisting rubber are generally
used for the body. Kapron cord and heat-resistant rubbers are used
to increase the tire heat resistance.

In tire design, we must consider that, in the event of
excessive heating, the excessive pressure in the tire must sometimes
be relieved through special safety valves in order to avoid tire
bursting.
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Some foreign firms produce
tires with a protective layer in
order to increase tire reliability
and protect the tire against
mechanical damage. For example,
the tires made by Goodrich have

a steel wire belt between the
tread and the cord layers, and

the Thompson tire has a dual
undertread wire layer (Figure

5.5).

Figure 5.5. Construction of
tires with protective layer. Tires with metal studs are

a- tire with steel wire belt; sometimes used to impr ve tire

b- tire with dual undertread
wire layer. traction with the ground during

the winter period.

Under particularly severe operating conditions, it is possible
to use wheels with metal tires in brush form, which 1s a construc-
ticn consisting of a large number of radially positioned steel wires
of definite length. A tire of thic type made by Goodyear is shown

in Figure 5.6.

Tires can be arbitrarily divided into the following groups on
the basis of the internal pressure: group I are the ultra-low
pressure tires (to 3.5 kG/cmz); group II are the low pressure tires /86
(3.5 — 6.5 kG/cmg); group III are the high pressure tires (6.5 —
10 kG/cme); group IV are the super-high pressure tires (10 — 13.5

kG/em2)‘

It is well known that the tire pressure determines, to a
considerable degree, airplane flotation on various solls and the
stresses which develop in the soill. The higher the Internal pressure, ééz
the poorer the tire flotation and the higher the soil stresses.
Moreover, with pressure increase, tire service life decreases, since
the tire loses elasticity at high pressure and any smail mechanical
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landings per tread

g, 720 kn/hr
0 _ SMtkm/hr
e R R

tire pressure, kgf/em®

Figure 5.6. Airplane wheel with Figure 5.7. Influence of tire
metal tire for particularly pressure on service life.

severe operating conditions.
irregularities (stones, etc.) on the runway are not circumvented but

rather embed into the tire and gradually destroy the tire.

Figure 5.7 shows the experimental dependence of tire service
1ife on the magnitude of the internal pressure [28]. We note that,
on the DC-6, DC-7, and 707-123B airplanes, the tire pressure is
different for the same tire size. The tire manufacturecr states that,

with pressure increase from 7.4 kchm2 (DC-6) to 8.8 kG/cm2 (DC-7),
the tire service life decreased from 272 to 145 landings. The tire

service 1ife on the 707 is only 95 landings. Cases have been
reported by the American aircraft industry in which tire service
1ife decreased to 30 — 50 landings with tire pressure increase to
12 — 14 kG/cm?. Usually tire pressures higher than 10 kﬁ/cmz are

not used in order to ensure reasonable service life.

The tire construction type 1s determined by the magnitude of
the internal pressure and is characterized by definite relationships
between the tire profile parameters.

We shall characterize the ratio of tire profile width B to
height H or the degree of profile circularity (Figure 5.8) by the
coefficlient

K= B/H.
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The ratio of profile height
H to radius R is characterized
i n by the profile relative height
coefficient K, = H/R, and the

= c—- 2
ratio of width B to outer dlameter
D is characterized by the profile
relative width coefficient

|
1— —— : Ks==B/D.

Figure 5.8. Basic tire
geometric dimensions.

Table 5.2 presents the
average profile parameter
coefficients Kl’ K2, and K3 for several Soviet tire types in a given

range of alrplane takeoff and landing speeds.

TABLE 5.2
Operating Profile parameter Airplane
Group Tire group pressure coefficients takeoff and
No.jclassification range in landing speed
2 K-A K _’!_ K g —
kG/cm “nw| "R ¥p, | in km/hour
I Superlow
pressure 2 — 3.5 1.18 0.63 0.36|{No more than 200
II |Low pressure 3.5 — 6.5 1.44 0.5 0.36|{No more than 250
III |High
pressure 6.5 — 10 1.13 0.55 0.32|0Over 250
Iv Superhigh
pressure 10 — 13.5 1.09 0.47 0.26{0Over 300

According to the data of Table 5.2, alrplane speed 1s no more
than 200 km/hr for ultra-low pressure tires and no more than 250
km/hr for low pressure tires. High pressure or ultra-high pressure
tires are used when the airplane speed exceeds 250 km/hr. This is /88
explained by the fact that, with increase of the airplane speed,
the centrifugal forces in the tire structural elements increase.
The effect of these forces can be compensated by increase of the
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TABLE 5.3%

Tire size Tire size Py in D, ;i K1 =K, = K3 =] Vin
n

in inches in mm kG/cm2 inmm | po B/H | H/R B/Dl km/hr

2xit, 810X 290 3| 20 1, | 957 | 0% [to 250

4135155 100038 n s8] = 1,31 | 05 | 0385 [to 250

50%20 1270%510 9,5 soe | ast 1,3 | o061 04 |io 250

#Commas in numbers indicate decimal points.

tire internal pressure, reducing the number of layers in the tire
body, reducing tread thickness, and also by chanying the tire profile
geometry.

With regard to construction, the tires of group I in the table
are of the balloon or semi-balloon type, the tires of group II are
of the arched type. The third and fourth groups are the tires of
circular profile, having the highest "circularity."

We see from the data of Table 5.2 that, with internal pressure
increase, the tire cross section becomes more nearly circular (Kl)

with simultaneous decrease of the profile relative height (K2) and
relative width (K3). Exceptions ars the low pressure tires of the

arched type, for which the average value of K, is 1.44,
In recent tim:s, wide profile tires with high pressure, for

which the ratilo Kl > 1.25, have »egun to be used in connection with

the requirements for increasing alrplane flotation on the ground.

Table 5.3 presents the basic geometric and speed parameters
of American tires.

During the last decade tire development has been characterized

by increase of the loads acting on the tires and reduction of the
tire dimensions (Table 5.4).
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TABLE 5.4

Airplane data and tire Airplane
characteristics Douglas Douglas Boeing
DC-3 DC-6 707
Maximum takeoff speed in km/hr 145 193 3€2
Maximum tire load in tons 7.26 13.56 17.37
Tire designation 17.00 - 16] 15.5 - 20] 46 - 16
Air pressure in kG/cm2 b, 2 9.4 12.9
Contact ellipse area in cm® 1632 1393 1342
Footprint pressure in kG/cm2 4.y 9.7 12.9
TABLE 5.5
Airplane data and tire Airplane
characteristics Convair Trident NAA
340 & 440 1C F-86
Maximum takeoff speed in km/hr 193 312 322
Tire designation 12.50 — 1634 x 29 x 7.7
9.50 — 18
Maximum tire load in tons 5.810 5.990 6.260
Air pressure in kG/cm2 5.2 9.4 16.1
Contact ellipse area in cm2 1013 613 413
Footprint pressure in kG/cm2 5.7 9.8 15.1

The data of Table 5.4 show that, with increase of the tire load
capacity and airplane takeoff speed, the air pressure in the tires
increases. Since the contact ellipse area is approximately the same
for all the tires compared, it 1is obvious that the specific pressure
on the tire tread i..creases at the same time. 1In this regard, the
tires designed for approximately the same maximal loading of 600Q kG
are characteristic (Table 5.5).

We see from the table that each succeeding tire differs from
the preceding tire, not only in 1lncrease of the takeoff speed and
internal pressure, but also in considerable reduction of the profile
and outer diameter. Reduction of the overall tire dimensions has
had a marked influence on the contact ellipse area and, consequently,
on the tread specific pressure. Bearing in mind that, with reduction
of the tire dimensions, the tread length and volume decrease, the
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reduction of the 29 x 7.7 tire

g s wervice life, in comparison with
2 MM ><bz the 12.50 — 16 and 34 x 9.50 —
E g = 18 tires, becomes quite

: g understandable.

-

14}

E ﬁ” T Reduction of tire service

life not only complicates opera-
tions, but also leads to high
Figure 5.9. Friction coefficient costs. Thus, according to the
for various tires. foreign press, American Airlines

airplane speed, km/hr

1- made from standard rubber;

2- made from "High u" rubber. spends more than one million

dollars a year for T07/T720
airplane tires, 600,000 dollars for its Convair 990 airplanes, and
about 150,000 dollars for piston engine alrplanes. The total expenses
associated with tires amounts to 1,750,000 dollars. The costs per
landing for the CV 240 are one dollar, for the Convair 990 — 17
dollars, and for the 707-323C cargo airplane — 25 dollars.

The requirements with regard to safety and braking effectiveness
increase with increase of the airplar~ takeoff and landing speeds.
Since braking effectiveness depends on the magnitude of the coeffi-
cient of tire traction with the airdrome surface, this parameter
receives particular attention in tire design.

Numerous studies have shown that wheel motion stability and
tire traction depend on the tread pattern.

We noted 1In Chapter 2 that, for alrcraft tires, the pattern in
the form of broad longitudinal ridges alternating with narrow grooves
is most widely used, and with increase of the ridge width, the
groove depth increases.

New rubber types are being used to increase the tire traction
coefficient. Thus, in the synthetic foreign rubber of the "High u"
type, the traction (friction) coefficient exceeds the friction
coefficient of the standard types of rubber. The dependence of this /91
coefficient on speed is shown in Figure 5.9.
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The basic Soviet tire characteristics necessary for tire
calculations and selection are presented in Table 5.6.

TABLE 5.6%
8 v
Tire size pG 1n2 mdm ma Pst Pma Ama km/hr kGG
kG/cm mm kG kG kG/m
Semi-balloon tires
- 900%80 3,5 11,51 165 465 6| 160 1,5
aoo§1zs 3.5 185] 65 30| 130 36| 200 35
400X 150 4 0 % 925 | 3000 130 | 200 5
470210 3,5 2 | us 1150 | 4500 200 | 185 9
500125 3.5 20 575 | 1800 50 | 165 6
500¢ 150 2.5 2 88 480 | 1800 60 | 120 7
505 185 2.5 2% | 106 63 | 2550 40| 105 10
600 180 4.5 20 | 104 810 | 4500 200 | 200 10
600 X 250 2,5 46 | 150 1300 | 447 315 125 16
800x260 | - 4,5 52 | 165 2800 | 8900 670 | 160 25
900 300 4.5 58 | 187 383 | 12300 1050 | 160 %
1200%450 | 3,8 7 | 20 6000 | 20800 2600 | 125 80
Arch-shaped tires
5003¢ 180 6 2 7 1300 | 4050 126 | 250 7.5
7003250 4,5 50 | 127 3150 | 7500 410 100 16,5
840 300 5.2 48 | 140 3800 | 11000 680 | 140 28
950350 5.2 58 | 186 4800 | 15300 1200 | 160 37
11003400 6.5 58 | 180 7900 | 24400 1840 | 230 62
1450 % 520 5,5 100 | 276 14300 | 38800 4500 | 220 130
High pressure tires (circular profile)
570 140 7 P 85 1200 | 5250 190 | 240
660200 I 9 42 | 107 3600 | 9300 43 | 315
800% 225 9 » |13 4200 | 14200 800 | 30"
9303305 8,5 6 | 176 7720 | 24000 1740 | 26.
1100 x 330 9,5 58 197 9 500 32 000 . 2680 | 300
1500500 9.5 80 [ 305 20000 | 68000 8900 | 300

50X140 | 10,5 B | 6 2600 | 7650 . 201 %0
600155 | 1005 at | o7 2300 | 9100 %7 | 300
660X200 | 12 o |2 4500 [ 13200 2o | 3%
800%20 | 12 u |2 5400 | 18900 o0 | 388
80%2%0 | 13,5 8,5 11 7600 | 20800 1000 | 5%
1160200 | 13,5 67,5 | 159 110000 | 33600 9270 | 430

®¥Commas in the numbers indicave decimal points.
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CHAPTER 6

FRICTION AND CONSTRUCTION MATERIALS FOR BRAKES AND WHEELS /92

1. Materials for Brake Friction Pairs

The specific brake operating conditions have required the use
for friction elements of special materials having special friction
characteristics. Actually, during wheel braking, the brake eleme:
are subjected to heating similar 1o thermal shock. The high sliding,
velocities (up to 30 m/sec) and the high specific pressures (up to
10 kG/cm2 for multidisc brakes and up to 30 kG/cm2 for single disc
brakes) on the friction surfaces of the friction pairs and the high
specific braking work values complicate both the selection of friction
materials from the avallable types and the search for new and
improved materials. At the same time, the friction materials must
ensure stability of the basic characteristics (friction coefficient,
wear resistance, frictional thermal stability, and mechanical strength)
throughout the brakiling process.

o B eRaan A CateecewTauns o omoereteh o s o v wr b e o es A
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The friction material characteristics depend on a whole series
of factors. For example, the frict*on coefficlient depends on the
physical and chemical properties of the brake friction palr materials,
temperature of the rubblng surfaces, relative slid._ng velocity of
the friction palr, and the magnitude of the specific pressure on
this pair, and the presence of lubricant on the rubbing surfaces.
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Figure 6.1. Schematic of facility for studying friction material
properties.

1- hydraulic motor; 2- mechanical speed reducer; 3- clutch; 4-
small flywheels; 5- aft support; 6- shaft; 7- large flywheels.
8- forward support; 9- test material specimen holder; 10~ adjust-
able mandrel; 11- pressure cylinder; 12- brake moment recorder;
13- hydraulic dynamometer; 1U4- lever; 15- frame; 16- electric
motor; 17- hydraulic pump; 18- hydraulic fluild tank.

The physical and mechanical properties of the friction materials
and their characteristics are studied on special facilities. One
such facility is the .1-58 friction machine shown in Figure 6.1,
which ¢ —mulates actual brake operating conditions in regard to
sliding velocity, specific pressure on the contact surfaces, and
braking time.

The test material specimens of special form are mounted in the
holders 9. Depending on the test regime, the flywheels 4 or 7, with
moments of inertlia of a definite magnitude, are seclected.

The speed of the shaft 6 required to ensure the desired sliding /93
velocity Vsl is established by the speed reducer 2 and the vaiiable
output hydraulic pump. After acceleration, the clutches 3 release
the flywheels and they rotate by lnertia. At the same time the
clutches are released, pressure 1s suppllied to the pressure cylinder
11, which provides the required specific pressure. The braking
moment which develops on the friction surfaces during brezking is
transmitted by the lever 14 to the hydraulic dynamometer 13 and is

recorded ty the recorder 12.
102



The magnitude of the average friction coefficient obtained
during braking on this facility is determined as follows. The
kinetic rotating flywheel energy Ak’ which is transformed into heat
by the friction elements, 1is

(6.1)

k 2 = Mt‘r av cpb’

where I is the rotating flywheel moment of  nertia; Wy is the angular
velocity at which braking begins; Hfr av is the average braking

moment created by the friction elements;mb is the braking distance
in radians.

N
&=

The average braking moment

D
_ av
M = favpsth — (6.2)

fr av

where fav is the average friction coefficient; psp is the theoretical

specific pressure on the friction elements; Ft is the theoretical

friction element contact area; and Dav is the average diameter of
the annular test material specimen.

The braking distance

ol . (6.3)
where Ty is the braking time.

Substituting the expressions found from M from (6.1) and

fr av
for @, from (6.3), w2 obtain

bk, A
P by '

av  PgpFy Day¥piTh

where k, 1s a coefficient accounting for the bearing friction losses.

1
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Figure 6.2. Experimental curves of friction coefficient f versus
friction pair sliding velocity (a), contact surface specific
pressure (b), and temperature (c).

From the Mb(tb) curve recorded on the test facility, we deter-

mine the friction coefficient stability a__, which is the ratio of

st
the average braking moment to the maximal value

_ Mfr av

a = .
st Mfr max
The average linear specimen wear during a single braking is
found from the difference of the specimen linear dimension measure-

ments before and after the tests

where n 1s the number c¢f braking cycles performed; and EJn is the

speclimen wear in n braking cycles.

The experimental data on the friction coefficient dependence
on sliding velocity, temperature rise during braking, and specific
pressure on the friction element surfaces are shown in Figure 6.2.
The friction coefficient 1is different for the different friction
materials and may vary from 0.18 to 0.45.
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The difference in the brake
element material properties with

resp2ct to friction coefficient
and its stability leads to

. T’ b b different nature of the braking

moment variation as a function

Figure 6.3. Braking moment as of braking time.

function of braking time for two

wheel brake friction pair

materials. Figure 6.3. shows curves of

N
\Jn

a- iron with plastic; b- iron braking moment versus braking
with cermet. time for friction pairs with
plastic and cermet working with iron. Characteristic for the

friction pair with cermet is increase of the braking moment toward

the end of the braking period, while the plastic tends toward
reduction of the braking moment. In both cases, the thejretical
friction surface specific pressure was kept the same. The braking
moment reduction for the friction pairs with plastic is explained

by the marked friction coefficient reduction with increase of the
friction element temperature, which cannot be compensated by reducing
the sliding velocity. For the friction pairs with cermet, the braking
moment increases as a result of marked friction coefficient increase
with reduction of the sliding velocity, uvhich exceeds considerably

the friction coefficient reduction with friction element temperature
increase because of heating. Variation of the braking moment during
braking is an undesirable phenomenon, since braking effectiveness /96
decreases with reduction of the braking moment while overloading

of the brake system takes place with braking moment increase.

Plastics and cermets are the primary materials used at the
present time for friction pairs. Plastics are used when the friction
element temperature does not exceed 350° C, and the cermets are used
at temperatures of 500 — 600° C. The cermets are composition
materials fabricated by powder metallurgy methods. The cermet charge
is a mechanical mixture of several components. The charge chemical
composition (in percent by weight) of one cermet version is
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Figure 6.4. Variation of braking Figure 6.5. Region of variation
moment M, with braking time Tt for of the fricticn coeffieient f as

b
function of siiding velocity V
cermet friction elements with and friction contact surface

different carbon content temperature rise t °C.

1- normal carbon content; 2-
reduced carbon content.

Copper Sand Asbestos Barite Graphite Iron

14 — 16 2 — U] 2 — 4 y — 6 7.5 — 8.5 Rest

After thorough mixing, the charge is pressed into sector blanks
which are sintered at high temperatures with a steel carcass.

Since the basic cermet component is iron, its frietion proper-
tles depend to a considerable degree on the percentage carbon content.
With reduction of the carbon content, the friction coeffici~nt
decreases and its stability deteriorates. Figure 6.4 shows the
variation of Mb during braking for the same brake vl . cermet lining
with different cermet carbon content.

Figure 6.5 shows the region of limiting cermet friction
coefficient values as a function of sliding velocity and friction
pair friction surface temperature. The widely used friction cermet /97
operates satisfactorily with sliding velocity no higher than 30
m/sec, theoretical specific pressure on the material no more than
12 kG/cm2, and mass average friction element temperature up to
450 — 500° C.

Plastics of the FK-16L type and cermets can operate in brakes
together with iron of chemical composition (in percent by weight)#®

Cc ..‘b.\u - Si I Ni Mo | Cr S| P | Fe

;ﬂ—&ﬁo&—hd1&~mﬂ03—h4og.m4'mﬁr. 0,1] 0,3] Rest
. o'

%Commas in numbers indicate decimal points.
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Because of its brittleness, iron cannot be used directly in
the friction elements; therefore, it is bonded to steel plates which
are then shaped to the desired contour.

In addition to iron, in many cases, wide use is made cf special
‘riction steels with high chromium content (in percent by weight):%

.C | st M Cr P .S l Fe

0.13—| <0,6 | <06 | 12—-14] <o0,0% ‘;o.m! Rest

An important friction material characteristic is its hardness.
3rake operating experience has shown that cermet hardness should be
in the limits HRF 60 — 95, iron HRF 160 — 220, and steel HRF 200 —
220. Simple carbon steel may be used together with plastic as the
friction material in certain brake designs. The basic characteris-
tics of some foreign friction plastics operating together with iron
or steel are presented in Table 6.1.

The characterisitces of certain foreign cermet friction
materials operating together with steel and iron are given in
Table 6.2.

We noted above that the parameters which determine brake energy
capacity include: specific heat capacity of the housing, disc, and
riction. 2lement materials, maximal allowable friction element
temperature rise during braking, and disc weight. The specific heat
capaclty of the housing material used and friction elements varies
from 0.72 to 0.17 kcal/kG/°C. The allowable mass average temperature
rise of moderr friction palr materials with significant friction
pair servier: 1ife (about 500 brake applications), usually varies in
the ran~~ 400 — U450° C. Search for new materials with high specific /98
(weig .;) heat capacity is one technique for increasing aircraft wheel
brake specific energy capacity.

Increasing attention has been devoted in recent years to this
question coroad. Use of beryllium in brake systems has been initiated
recent.y in the USA and use of the low melting metals (lithium,
po-assium, sodium) has been reported. For example, Douglas Aircraft
nas proposed the use of beryllium sectors attached directly to the
brake discs in brake construction. According to Douglas, brake
iiscs with such sectors under normal operating conditions have an
energy capacity on the order of 40,000 kG/m/kG. The allowaktle

#Commas in numbers indicate decimal points.
an7



TABLE 6.1

Friction pair materials “ Material wear per
brake application
e + I, in mm
28 g :3-‘? Plastics Steel
Q3a | am | 3278 (iron)
—An g FEy D G
oWl o SR 0O« .0
OO N\ - @ o P
QN O 4 O O m
no X mo &on3
Dunlop plastic —
Dunlop steel 18 0.35 0.78 190 3
Dunlop plastic-iron 18 0.38 0.72 200 5
Ferodo plastic-iron 24 0.29 0.84 225 8.7
Plastic X-iron 18 0.43 0.76 132 8
TABLE 6.2
Friction palir materials . Material wear per
brake application
s = in mm
)] O ™ S -
3g 8"3 ggﬁ Cermet Steel
3 s ot gl (iron)
-0 B & B G o
onm o S [S RV
OO\ - O - O P
Q5 o £ O HOP o
naX |xo N Owm3d
Cermet No. 1 - steel 18 - 20| 0.18 0.43 4.3 2
Cermet No. 2 - iron 18 - 20| 0.35 0.9 43 — 80 1
Cermet No. 3 - steel 18 - 20| 0.38 0.8 25 — 50 2

maximal mass average temperature in discs with such loading is 700° C.
Provision 1s made in the brake design (with the brake dissembled)

for washing off the toxic beryllium oxide which forms on the con- /99
tacting surfaces during braking. In another brake design, beryllium

is used as a filler in a thin-wall shell having frictional properties
(Figure 6.6). Such a shell will also prevent beryllium oxidation

and toxic oxide formation during operation. Some detail brake and

wheel parts, in addition to the brake disc sectors, can also be

fabricated from beryllium.
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Figure 6.7. Construction of
brake disc filled with sodium
Figure 6.6. Construction of or lithium fusible heat sink.
brake with beryllium heat sink _ . .
sectors designed by Douglas 1- shell; 2- heat sink.
Aircraft.

1- shell; 2- beryllium., Increase of brake energy
capacity can be achieved by using

fusible heat sinks, for example, lithium, sodium, and potassium.

Figure 6.7 shows a brake disc with sodium or lithium fusible heat

sink enclosed in a shell. During braking, the heat sink is raised

to a high temperature and melts.

Use of the heat absorbing materials listed above (beryllium,
sodium, etc.) leads to increase of the wheel brake structural
volume because of the very low specific weight of these materials.
Therefore, for example, when using lithium, a brake with structural
volume about 1.5 times greater than that of the brake with iron heat
sink 1s required for the same energy cpaaclty. In this case, the
brake must extend beyond the wheel structure (Figure 6.8). Usually,
such designs are difficult to realize for the aircraft wheels used /100
on modern airplanes. Therefore, materials with high specific heat
capacity (per unit volume) and low specific weight are necessary
for high energy capacity brakes.

The prospects for the use of such materials in brake construction
can be evaluated from the data presented in Figure 6.9. We see from
analysis of these data that, for the same energy absorbed by the
brake and the same temperature rise 500° C, the beryllium or lithium
brake discs (in a shell) will occupy in comparison with steel about
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Figure 6.9. Relative weight (8)
and relative volume (V) of

brake packet with constant energy
capacity for several materials.

1- iron; 2- beryllium; 3-

lithium; U4~ chromium carbide;
giggiiigﬁaﬁeagrgﬁzk?e81gn wltn 5- zirconium carbide.

1- brake disc; 2- external
heat accumulator. 1.5 — 1.75 times more structural

volume. The materials yielding
improvement in both weight and volume lie in the shaded Zone. Such
materials Include the carbides of certain metals.

2. Wheel Structural Materials

Aircraft wheels are usually fabricated from magnesium cr aluminum
ailoys by casting or torging with subsequent machining. The wide
use of magnesium and aluminum alloys for wheels is due to their low
specific weight and comparatively high mechanical properties. For
example, magnesium casting alloys for wheel drums have stre—-gth up
to 25 kG/mm2 and the wrought alloys have strength up to 38 kG/mmz.

In selecting braked wheel drum material, it 1s necessary to
consider that the drum must operate under conditions of periodic
heating during braking to 100 — 120° C with subsequent cooling to /101
normal temperature.

High strength magnesium casting alloys based on magnesium-
zinc-zirconium, for example, the English alloy Z52, have been used
recently in several countries for wheels. A characteristic feature
of the magnesium-zirconium based alloys is a higher yield limit and
good plasticity, which makes it possible to use them for detail
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parts operating under reversing load conditions.

The mechanical

properties of the new magnesium casting alloys depend, to a consid-

erable degree, on the zinc and zirconium content in the alloys.

The

highest strength of the Z5Z alloy is obtained with 4 — 5% zinc and

0.6 — 1.1% zirconium.

According to the foreign press, the Z52

alloy 1s recommended for detall parts operating at temperatures
up to +150° C.
increase the service life of parts fabr’' ated from it and has satis-

factery corrosion resistance.

The alloy is subjected to surface hardening to

The wrought magnesium alloys are used

in place of the casting alloys if it 1is necessary to increase the

strength. The mechanical propertles of one such foreign alloy are
presented in the following table:
E G 8 ) T HB
21. 2 u 0.2 av 2 § in %
4300 1600 32 26 20 60 8

Among the aluminum wrought 21l
we can cite, for example, the 2014 alloy, whose properties are pre-
sented in the following table:

oys widely used for whe.l drums,

E G 8 6 T HB
2 2 u 0.2 av 2
kG/mm“| kG/mm“}] . 2 ~ kG/mm 6§ in %
kG/mm KG/ 2 kG/mm
7200 2700 40 30 30 130 8

In addition to the wrought aluminum alloys, wide use is made

of the casting alloys with strength to 26 kG/cmZ.

Data on the

use of titanium in wheel construction has appeared recently in the

foreign press.
various alloyed and simple carbon steels are used 1n wheel and

brake construction.

In addition to the magnesium and aluminum alloys,
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CHAPTER 7

BASES FOR THE SELECTION OF TIRES, WHEELS, AND BRAKES
IN AIRPLANE DESIGN

Experience in airplane design and operation shows that wheel,
tire, and brake parameters determine, to a considerable degree, the
airplane takeoff and landing characteristics, the possibility of
airplane operation on airdromes with various surfacing, and the
service 1life and reliabllity of both the entire landing gear and
the individual gear elements.

The primary parameters necessary for wheel selection
are:

— tire pressure, which determines airplane flotation on various
soils;

— alrplane takeoff and landing speeds, which determine the
tire speed characteristics;

— static and dynamic wheel loads, which determine the tire
dimensions;

— airplane kinetic energy during landing rollout, which is

transformed by the brakes into heat and determines brake size,
welght, and construction.
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l. Tire Selection

Wheel selection usually begins with tire selection. We mentioned

in Chapter 5 that the existing tire types are arbitrarily broken down

into four groups on the basis of nominal tire operating pressure.
Therefore, we first determine the appropriate group on the basis of
the flotation requirements with aecount for the airplane takeoff
and landing speeds. After determining the tire group and construc-
tion type, we use the formulas presented in Chapter .5 to determine
the tire dimensions (diameter and width in mm) on the basis of the
specified load on the wheel or its load capaclity. In addition to
these formulas, we can use the following empirical formula, which
expresses the load on the wheel as a function of tire dimensions
and tire working pressure. This relation was derived on the basis
of analysis and statistical reduction of a large amount of data on
braked and unbraked wheels

Pet to = kDB(py+ 1), (7.1)

where Pst to 18 the allowable static takeoff load (load capacity per

wheel in kG); D is the tire diameter in mm; B is the tire width in
mm; P, is the tire pressure in kG/cmz; and k 1s a coefficient of

proportionality (for tires of diameter to 1100 mm, k = 0.25; for
tires of diameter more than 1100 mm, k = 0.23).

In the final tire size determination, we should restrict our-
selves to the following standard or frequently used slzes:

Tire diameter

in mm 660 | 880 | 90| 1050 | 1100 | 1260 | 1450 | 1600 | 1750 -
Tire width 20| 20| 205| 200 330} 300} 4s0] s50} 750
in mm

Figure 7.1 shows calculated load capacity curves of all four
tire groups as functions of tire pressure and tire size, plotted
using (7.1). We can determine the tire diameter and width from
these curves on the basis of the specified static takeoff load per
wheel and tire pressure. The static takeoff load p.r wheel and tire
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Figure 7.1. Calculated curves of tire load capacity versus tire
size (D x B) and tire pressure Pg-

pressure are considered the most important criteria for determining
the size of the tire.

If, on the basls of the specified load Pst to? the tire dimen-

sions (D x B) are found to be nonstandard, they should be modified
on the baslis of the following considerations.

If we take a smaller standard size (for D x B), we can compensate
for the resulting deficliency with respect to tire load capescity by
increasing the tire pressure by Apo, but Ap0 should not exceed 5 —

10% of the nominal pressure. We must bear in mind that the tire
may not have the required strength margin In this case.

If we take a larger standard slze, the tire wlll have a margin

with respect to both load capacity and pressure, which is particularly
favorable for newly designed airplanes.
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After determining the tire
size, we check its shock absorb-
ing characteristics on the
deflection curve.

It 1s considered accentable
if the tire deflection under the
action of the static takcoirl

Figure 7.2. Averaged wheel load does not. exceed on the
drum seating diameter (Dl) average, 30 — 35% the total
versus tire outer diameter (D). deflection. since ¢ sive
S
1= circular profile tires (py 2 deflection leads to marked tire /10"

6.5 kG/cm )y 2- arch—shaped

tires (po = 3.5 — 3.6 kG/cm ); service lire reduction. If, for

3- segi-balloon tires (po = 3.5 the tire with the specified load,
kG/cn<) the deflection is more than 35%,
it is necessary to elther increase the tlire pressure or select a
larger tire. In addition to the static load, the selected tire silze
must correspond to the normed landing gear shock absorber work with
this tire.

2. Wheel Size Determination

The selected tire dimensions (diameter and width) also determine
the wheel dimensions, and the drum outer diameter 1s defined by the
tire seating diameter.

Figure 7.2 shows the averaged wheel drum seating diameter (Dl)

dependence on tire outer diameter (D) for various tire pressures,
and Table 7.1 shows the actual dimensions of some tires used in the
USSR.

~N
(e

[
o

The tire size and pressure determine, in the final analysis,
the brake structure velume V., in which we consider the space for

the brake with the limiting brake energy capacity and service life
(Figure 7.3). The quantity b usually varies in the limits of (0.05 —
0.1)E.
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TABLE 7.1

Group I Groups I and II Groups III and IV

Outer Width B Seating

Diameter mm diameter
mm MM NM MM MM
" 500 180 250 L= - - -
600 -— -— 180 280 -— -—
600 - - 250 150 - -
6680 -— ~— —_ - 160 355
700 200 335 150 400 - -
700 250 356 - - - -
720 310 27 — -— C - -—
0 = = - % | @
840 300 419 - - - ?f
885 280 430 - - -— -
880 - - — - 230 468
gg - - 300 37 - -
950 350 45 - - %5 o
4000 - - 350 370 - -
1050 - - - et 300 508
{gg - - - - 3% 508
1528 480 35 ol B ol B
1450 520 685 -~ - 450 630
1500 - - - - 500 630
1600 - - - - 550 630
{750 .- - - - 550 T2

. l b

3. Wheel Weight Determilnation

After determining the tire and #hecel dimensions and limit
allowable brake energy capacity, we find the first estimate of the
weight of the wheel, together with the bruke, from the formula:

=G

Gw ass wd G

+ G

b t?

where Gwd is the weight of the wheel drum with bearings; Gy is the
brake weight; and Gt is the tire weight.

The wheel drum weight can be determined approximately from the
allowable drum specific output Ay » which is the ratio of the static

takeoff load to drum welght and depends on the drum material,
required service life, temperature regime, and wheel size. Figure
7.4 shows the curve of allowable specific output of a drum fabricated
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Figure 7.4. Allowable wheel drum
specific output q,q versus tire
size D x B.

1- forged; 2- cast.

Figure 7.3. Wheel construction.

from magnesium alloys (cast and forged) versus tire size. Using
tnis relation, for known geometric tire dimensions D and B, we
determine the limiting value of N and the wheel drum weilght:

Gwd = Pst to/qwd'
However, the brake assembly weight can be determined
approximately from the brake energy capacity (Ab) using the curve

in Figure 7.5, plotted from calculation of the energy absorbed by
the brake per landing with heavy braking.

The tire weight and specific output can be found from a curve
analogous to that shown in Figure 7.6.

Of interest is the graphical method (Figure 7.7) which has been
proposed by Messier for selecting the disc brake on the basis of
energy capacity and weight. The figure is plotted from calculation
of the transformation of work equal to 750,000 kG/m into heat in the
nominal braking regime. The emergency regime is determined on the
basis of obtalning a mass average heat sink temperature on the order
of 800 — 1000° C. The ~~dinate axis is the tire seating diameter
in inches and millimeters, the left abscissa axis is the brake

weight and the right abscissa » I~ ¢inetic energy transformed
by the brake into heat c¢u: in o ind emergency normal braking.
This method is used to ex:- .rsions, depending on the heat

sink (brake disc) material.
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Figure 7.6. Tire weight G, and
specific output P /G, versus

The first version is with st to’' 't
steel heat-absorbing brake discs

PA-
(rotating and ctationary). One 0

1- specific output; 2~ tire
of the discs has cermet bonded weight.

to 1it¢.

In the second version, the heat sink is a packet of steel and
reinforced beryllium discs. The rotating discs are steel and the
nonrotating discs are beryllium reinforced with steel. The steel
1s coated with friction material.

In the third version, the heat sink consists of beryllium
discs reinforced by steel with friction material bonded to the
surface.

In the fourth version, the heat sink censists of copper discs
operating together with a plastic disc. This version is usually
used for single disc brakes with exposed friction surface.

Messier states that the second and third version brakes have
not yet found operational application because of several technolo-
gical difficulties in fabricating the discs. However, the firm
believes that these verslions are very promising.
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Figure 7.7. Graph for selecting wheel disc brakes using the
Messier method.

1, 2, 3, U- first and subsequent versions.

The figure is used as follows for disc brake selection. After
determining the wheel and tire sizes, we find the tire seating
diameter D1 (in inches or millimeters).

Then, for this diameter Dl’ we find as a function of the heat

sink materlal properties the brake weight and energy capacity,
i.e., the amount of energy which it is capable of absorbing during
normal or emergency braking.

We shall 1llustrate the use of the figure by the following
example. For erxample, iet the selected wheel have seating diameter
D1 equal to 16" (or 407 mm), then the brake weight for the first

version is about 35 kG, for the second version — about 23 kG, for
the third version — about 16 kG, and for the fourth version —
about 42.5 kG.

In the emergency braking regime, the brake energy capaclty now
depends on the properties of the heat sink materlial and amounts to:
for the heat sink using the first version — 1,700,000 kG/m; for
the second version — 1,500,000 kG/m; for the third version —
1,350,000 kG/m; and for the fourth version — 1,300,000 kG/m.
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TABLE 7.4

Heat sink material

Brake specific e.rergy capacity
in kG/m

Normal regime

Emergency r=gime

Steel

Steel + reinforced beryllium

Reinforced beryllium

Copper

21 500
32 500
47 000
17 500

48500
65 000
85000 -
30 500

The brake specific energy capacity as a function of the

material and braking regime is shown in Table T7.4.

Tables 7.5, 7.6, and 7.7 present the characteristics of some

operational Soviet and foreign wheels, brakes, and tires.

TABLE 7.5%

BASIC CHARACTERISTICS OF SOVIET WHEELS AND TIRE

_—W__—S

®*Commas in the numbers indicate decimal points.

120

Wheell Static eight in kg
ls)i:e o 1oad, kG 0 & 2k 8w Drum |} Brake
Eﬂ 3 and-] Taked S > & | o assem—-assem~ Tire

ow S P B MRa- B Pl e i bly | bly

M 0 ng ° o £ % 0 2N]X o S o

-~ SO0glhcoold aal oo

B oo ME-MooNbHOA| Jw
500x150 1 7 1150 1350 | 11600 | 216000} 250 200 16 6,25 7,25
000180 | 10 1245 | 2350 | 18000 | 260000 60 35 28 12,5 4,2 11,
600%250 | 2,5 - 1300 —_ - 110 10 19, 6,65 - 12,5
700%150 | 3.5 — 925 — - 150 150 19 9,5 - 10
7200>,200 | 10,5 1500 | 3300 | 18700 | 286000 | 370 250 54 14 21 19
700,250 | 6,5 - 2000 - - 250 220 2, 13,4 - 16,4
720x310 | 4.6 T - 3750 - - — 210 3, 15 - 2,5
770x330 | 4 - 3500 — - 180 180 36, 1,7 - 21,7
800x260 | 4.5 — 2800 | 32200 | 135000 150 150 36, 21 5.6 23
850x300 | 5,2 3800 | 3800 | 51400 ] 272000{ 140 140 1, 41,2 9,6 2,5
865x280 | 6,5 3950 | 4300 | 55300 650000{ 250 240 116 3 58 %
900x300 | 5 2650 270 - — 220 205 50 2 - 0
950x350 | 5,2 4700 4 800 — - -~ — 13 51,0 23,40 | 38,6
1000x350 | 4.7 5180 | .5180 | 58000 ] 260000 160 160 86,8 36,7 7,6 2,5
12004450 | 3,8 6 000 6000 | 121000 | 248800 160 140 116,3 37 9,3 70
1325%480 | 7,0 15000 | 16850 | 125000 | 1040000 80-1 208,84 | 101,34 | 2 86,5
1450x520 | 7,0 12905 | 14820 | 260000 | 1250000 | 215 I 421 188 130 108



TABLE 7.6%
BASIC CHARACTERISTICS OF FOREIGN WHEELS AND TIRES WITH
PRESSURE FROM 7.5 TO 10.5 kG/cm°

Wheel Static load P Welight
size Airplane type in kG 'g g >.B in kg Tire
DxB =
x Land- | Take- § > %"’“‘ fé
m -
ing off slo | ex] Al =] >
wol s [TFey Aol Al A
SAN Y - o) £ £
~ E Bl oo |HE=g E|oE
gdleool Xad loob|ED|X O
o SN dojood]Sn]ld
daglAo & ax|ftolan
Qe o Ees )" 2lnw
s.yx139 | Boeing KC-135, 1940 2880 - 9y -— p] s | — 4
660-<107 | Vampite - 320 | — | sofjwroo] — | — | -] 13
660197 | Breguet 1150 — 3200 255 | 8,0 — 21 8 — 13
737x194 | Avro 100 - 3750 — ] 9.0} 1230000 _ — - —
T37x194 | Gloster Meteor - 4 500 — | 10,0 - k v] 12 —_ p-1]
714%219 | Canadair 44D 3940 5000 | 20} 95| — 2 12 - 2
8%6x25! | Beltast 3780 6350 | 20 | 98] — “ 1 =] -1 =
8364251 Lockheed 5000 6 350 —_ 9,8 —_ 43 16 - 27
889229 Comet . — 6 000 200 8,5 | 587000 48 _— —_ 29
889x229 | Caravelle 5701 6000 | 237 | 8,5]950000] 48 - — 2
889x229 | Comet-4 5330 7200 203 } 10,5 | 962000 — — —_ 0
905x260 | Boeing 377 6000 6 800 — 1831 - 4 17 | - 30
905%270 | Viscount — 6 850 — 1 83 - —_ — - 3B
965x314 | Vickers VvC-10 4950 7000 | 2481 7,01 — 81 29} — 49
965 314 Breguet 1150 - 10 250 255 | 10,5 | 600000} 122 n 45 =)
1100297 | Gloster Javelin. 7959 9 1w - |2} — -1 -1 - =
1020X300 1 Bristol Brittania 6750 14290 - 197 |85 -1 -1 = —
1225428 ckhee? }049 11300 15650 — 184 N2 -_ —_— 9% 90
12255428 | Boctng:do 9900 15650 | 200 {91 P60 958 | 0| 55| s
1225428 | Boeing 727 10 400 13000 | 223 | 9.1 460 258 0] 9% 83
1423496 Boeing 377 12200 — |84 1220 266 97 7% 93

*Commas in the numbers indicate decimal points.
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TABLE T.7%
BASIC CHARACTERISTICS OF FOREIGN WHEELS AND TIRES WITH
PRESSURE MORE THAN 10.5 kG/cm®

Wheel Static load Weight in kg
size Airplane type in kG o o
D x B BERE
Land- Ta?}e‘- & fa :;f_:, ’é
ing o sjoelcs > >y ol > >
Holnolop — P — —~
csf{ax] - Q ol o
£ ol o ~ E.q EloE
ovXXjOoMIXOE oer|EO|XM OO
< 3 o vaditoldanln
delrdc]lado] cozliolsold
- dArd]Bd|lmoX] Tav|oas]males
6#4x165 | Sabre 86 — 3930 | 40 |12 - - -1 -
644x165 | Boeing B-4T 4200 4600 | — |13 - p-3 9 -
774x219}] Bristol Brittania 5050 6 800 — 1127 - 32 12 _
803x160 | Republic 84 - 6125 | 240 | 18 695 000 %, | 5] @
838x218 | Douglas DC-8 6100 8300 | 240 | N6] 545 | 20,5] —
889x229 | Caravelle - 8000 | 320 {12 — — — -
914x278 | NAA — 8 600 —In 910 000 - - -
1000x346 | Lockheed L-188 957 | 12500 ) — 111 93 500 158 “ | u
1000x316 | Douglas DC-9 11900 12560 | 215 | 11,2 —_ - - —
1020305 ] Canadair u4uD 8400 10800 240 | nef| — - -] -
1020x445 ] Boeing B-70 11300 { 20800 | 320 § 11,2 - — -1 -
1086x3%4 | Douglas DC-8 12850 1740 | 20} 13 - - N
1ox3x | Douglas DC-8 - 19800 | 280 1 12,7 |2 100000 - -1 -
1423x495 | Boeing B-47 18200 | 20000 ] — { 12,5 }1340000 290 8 | 2
. N Rt ®

¥Commas in the numbers indicate decimal points.
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CHAPTER 8

AIRPLANE BRAKE SYSTEMS

1. Baslic Brake System Requirements

The airplane brake system 1s used to control the wheel brakes
by varying the braking moment and also for automatic elimination of
wheel lockup (skidding). Brake systems in which the magnitude of
the braking moment 1is established automatically in order to realize
the 1limiting traction coefficient iim have recently come into use.

The modern airplane brake system 1s an assemblage of various
functional devices (nydraulic, pneumatic, electrical, and mechanical)
interconnected by the required couplings (hydraulic lines, electrical
wiring, mechanical linkages). The total number of such devices in
the brake system may be very large. Fu. example, the brake system
of the I1-62 airplane has more than 100 components.

Definite requirements are imposed on the brake systems during
design and operation. First of all, the systems must be operation-
ally reliable, simple, and easy to control. The braking moment must
be proportional to the controlling signal magnitude. The brake
system must have adequate response speed, which is characterized by
the time from the instant of application of a step function maximal
input signal until the creation of the maximal braking moment. For
the brake systems of modern airplanes, this time is one to 1.5
seconds.
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a Since the braking moment

» Xam < Mb is determined by the brake
i pressure p,, one of the important
‘a indices of efficiency of the
s brake system and its individual
o Il x components are the errors of the
.4;:2x"“ static characteristic pb(x), where

X is the magnitude of the input
Figure 8.1. Airplane brake signal or controlling element
system pressure versus input travel. Usually, the static
signal or controller travel. characteristic errors (Figure
8.1) are established by the specifications as follows: maximal

controlling element dead zone X £0.25% X x> Maximal allowable /114

1 max
4 <
travel insensitivity Axmax =2 0.1 Xmax’ maximal allowable brake

pressure overshoot Apmax £ 0.15 Ppax® maximal allowable final pressure

deviation *Ap'
0.15 xmax'

£ 0.1 Ppax? and maximal ¢travel hysteresis X

max 2 max

These deviations characterize the quality of the brake system
as a whole and the technical efficiency of its individual components.

At the present time, pneumatic, hydraulic, and combined
(pneuhydraulic) brake systems are used on airplanes. The pneumatic
systems are used on light airplanes and the hydraulic — on heavy
airplanes, since the latter have powerful hydraulic systems
servicing varlous users.

The combined brake systems, in which the hydraulic rpart is the
main system and the pneumatic part is the emergency systeri, are used

comparatively rarely.

With regard to operating principle, the brake systems can be
divided into those with direct and remote control.
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2. Direct Control Brake Systems

- main sys:en}mén'etgency system

i

In the direct control brake
systems, the pressure in the

brakes 1is created by a special
rcducing valve as the pilot

actuates it either directly or
through a system of levers and

Figure 8.2. Pneumatic brake links. A schematic of a pneu-

system with direct control for
tricycle gear airplane with matic brake system with direct

braked nose wheel. control for a tricyele gear air-
1, 5- reduction valves; 2- plane with braked nosewheel is

differential; 3- shuttle valve;
4~ nosewheel brake shutoff valve. shown in Figure 8.2. This system

has main and emergency (standby)
systems. The pressure in the brakes 1is created by the reducing valve
1 with direct input from the pllot. The air in the primury subsystem
is fed to the main wheel brakes through the differential 2 and shuttle
valve 3. Alr enters the nosewheel brake from the valve 1, bypassing
the differential. When using the emergency system, the air from
the valve 5 goes directly to the main wheel brakes only. The dif-
ferential in the brake system serves for scparate application of
right and left main wheel braking, while the shuttle valve isolates
the emergency system from the main system.

The hydraulic brake system with direct control for a heavy
airplane having multiwheel bogles 1s shown in Figure 8.3. With 115
input to the reduction valve 1, the working fluid is supplied to
the wheel brakes through the shuttle valves 2, electromagnetic valve
3, and hydraulic fuse 4. Fluid is supplied to the wheel brakes of
the left bogie from the left reduction valve and to the wheel brakes
of the right bogle from the right reduction valve (first or second
pilot). In this way, individual braking of the left and right
bogle wheels 1s provided in ord._ to improve maneuverability during
airplane taxiing. If wheel lockup (skidding) occurs, the valve 3
isolates the wheel brakes from the supply line and connects them to
the return line. When emergency braking 1s necessary, the valve 5
is actuaced and tr2 working fluid enters the wheel brakes through
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the shuttle valves 2 and the
5 s hydraulic fuses 4. The hydraulic
' fuses 4 block the supply line
automatically if there is damage
to any system line located down-

stream of them.

Differential braking of the
right and left wheels is not
required in the brake system

Figure 8.3. Hydraulic brake of the airplane with bicycle
system of heavy airplane with
multiwheel landing gear and

direct control. track is very narrow. During

1- reduction valve; 2- shuttle taxiing, airplane control 1is
valve; 3- electromagnetic

valve; U4- hydraulic fuse; 5-
reduction valve. front strut and differ:ntial

englne power. Operational

landing gear, since the gear

accomplished by turning the

experience has shown that the maximal braking moment on the front

wheels should be 25 — 30% less than on the rear wheels in order

to ensure airplane stability during landing rollout. The direct

control brake systems are constructionally simpler than the remote /116
control systems and more reliable in operation. However, the require-
ments for response speed in the case of considerable hydraulic system

line length, for example on heavy airplanes, are satisfied betcer by

the remote control systems.

3. Remote Control Brake Systems

In the remote control systems, the brake pressure is created by
an executive unit (specifically, by a reduction valve) which is
remotely controlled. In these systems, the controlling input is
converted by a special controller into an electrical, hydraulic, or
pneumatic signal, which is then transformed into the brake pressure.
The electrohydraulic remote control braking systems have been most
widely used. 1In the remote control brake systems, the cockpit and
passenger cabin are not encumbered by plumbing lines, the brake
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Figure 8.4. Remotely controlled electrohydraulic system.

I- control potentiometer; II- polarized relay; III- electrohydraulic
reduction valve; 1- reduction spring; 2- differential cylinder
piston; 3- slide valve; U, 7- magnets; 5- feedback potentiometer;
6~ centering spring.

system response speed is faster, the system configuration on the
airplane is better, the system weight is reduced, and it becomes
possible to automate the alrplane braking process during landing to
a considerable degree.

A schematic of a remote control electrohydraulic system 1s shown
in Figure 8.4. The system consists of the control potentiometer I,
polarized relay II, and electrohydraulic reduction valve III. The /117
electrical bridge circuit of the system is shown in Figure 8.5. The
bridge resistances are the control 1 and feedback 2 pctentiometers.
The polarized relay 3 winding is connected into the bridge diagonal.
During braking, the pilot displaces the control potentiometer 1.
Since the feedback potentiometer 2 in the reduction valve 1s
stationary at the first instant, because of the control potentiometer
displacement, an error voltage is created between points a and b.
As soon as the error magnitude reaches a defirite value, the
polarized relay actuates and applies volter- Lo the reductlion valve

electromagnet 4.
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Figure 8.5. Electrical circuit
of electrical remote control
system.

1- control potentiometer; 2-
feedback potentiometer; 3-
polarized relay.

Reduction of the pressure
is accomplished by compression
of the reduction spring 1 (see
Figure 8.4) by the differential
cylinder piston 2. The piston
2 displaces the feedback poten-
tiometer slider, thereby elimi-
nating the error between points
a and b. Control of the
differential cylinder piston 1s
accomplished by supplylrg pres-
sure to chamber A from the slide
valve 3. During brake applica-

tion, when because of the error the relay II activates the magnet &4,
the latter displaces the slide valve 3 to the left. As soon as the
feedback potentiometer 5 eliminates the error, the relay de-energizes

the magnet U4 and the cen*ering spring 6 establishes the slide valve

3 in the neutral position and cuts off pressire supply to chamber A.
Chamber A is block:u, the piston 2 is stationary, and the reduced

pressure 1s constant.

During brake release, the pilot displaces the control

potentiometer in the reverse direction and creates an error of the

opposite sign. 1In thls case, the polarized relay energlizes the
magnet 7 which displaces the slide valve 3 Lo the right. The chamber
A 1s open to the return line and the piston 2 moves to the right

as a result of the pressure acting on the annular section of the
piston 2. As the piston moves to the right, it reduces the com-
pressive force of the spring 1 and thereby lowers the reduced

pressure.

The described system makes 1t possible to vary the reduced
pressure as a function of control potentiometer displacement

following a nearly linear law.

In addition, the ops2ration of this

circuit is not disrupted with supply voltage oscillations over quite
wide limits, since the electromagnects 4 and 7 are designed for the

minimal voltage.
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Figure 8.6. Brake system with electrohydraulic reduction valves.
1- potentio.ieter; 2~ distribution box; 3~ electrohydraulic valve.

A schematic of a brake system with electrohydraulic reduction
valves is shown in Figure 8.6. In this system, each pilot controls,
thrcugh his rudder pedals, the two potentiometers 1, the signals
from which travel to the distribution box 2 and from there to the
valves 3.

The left potentiometer (-f the first and second pilots) controls

the lef*t reduction valve and, therefore, the brakes of the left
bogle. The right potentiometer (of the first and second pilots)
controls tie right reduction valve and the brakes of the right
bogie. If the left and right potentiometers are sntuated at the
same time, the signal goes simultaneously to both reduction valves.
If the first and second pllots attempt to control the brakes
simultaneously, the distribution box cuts off the signals from the
potentiometers of the second pllot and makes it possible for the
first pilot to control the braking.

The emergency system is analogous to the main system and

consists of the same units. The control potentiometers are located
only in the first pllot's control circuilt.
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Figure 8.8. Remote control

pneumatic braking system.
Figure 8.7. Remote electrically 1- reduction valve; 2-
controlled hydraulic braking
system of airplane with bicycle
landing gear.

reducer; 4- shuttle valve.

1. 2- reduction valves; 3, U- The circuit of an electri-

emergency and main system

controls; 5- skuttle valve;
6~ electromagnetic valve; T7- braking system of an airplane
hydraulic fuses. wilth blcycle landling gear 1is

shown in Figure 8.7. The pilot actuates, throu.h rhe electrical

main 4 or emergency 3 system controls, locatcd right in the cockpit,
with the aid of an electrical sign.l, the electrohydraulic reduction

valves 1 and 2, located in the immediate vicinity of the alrplane
landing gear. Depending on the electrical signal, the reduction
valve creates more or less braking pressure Pp- The fluid under

pressure travels to the wheel brakes through the shuttle valve 5,
electromagnetic valve 6, and hydraulic fuses 7.

The circult of a pneumatic remcte control brake system is
shown in Figure 8.8. The controlling reduction valve 1 creates
the controlling pressure py, which — after passing through the

differential 2 — 1s t.ansformed in the reducer 3 to the pressure
Py entering the wheel brakes. For emergency braking, the pilct

activates “he switch T and sends pressure directly to the brakes,
blocking off the main system by the shutt'2 valves 4.
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Figure 8.10. Simplified
idealization of pneumatic
brake system.

|’_1

¥ . 4

4 by, Pneumatic Brake Sys.em
Analysis
We shall examine a simplified

method for calculating the brake

Figure 8.9. Pneumatic brake

system application and brake release

1- reduction valve; 2- times of a pneumatic brake
differential; 3- electromagnetic system, which is confirmed by

valve. the experimental data.

The pneumatic braking system schematic is shown in Figure 3.9,

wnere W 1s the air accumulator volume; Vb is the wheel brake expander

tube or brake cylinder volume; 7 is the plumbing line length; d is
the line inside diameter; Pg is the system pressure; Py is the brake
pressure.

Assuming that -he flow sections of the differential 2 and
electromagnetic valve 3 are equal to the line sectlion, the computa~
tional scheme of this system can be simplified (Figure 8.10).

In this system, V0 is the overall volume, Vb is the brake

volume, VZ is the line volume; F is the flow section area of the

th
reduction valve 1;

> adi
Vv V+V ZT
[~
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Brake application time. Determination of the brake system
application time reduces to determining the time for filling of
the volume VO to the pressure Py through the throttle of constant

section Fth with constant pressure Py in the system.

We know from gasdynamics that filling of the volume may take
place in the subceritical or supercritical regimes.

The critical regime under conditions of continuously varying
pressure p, is a transient regime.

The critical pressure ratio

p

cr
€., = — (8.1)
er ~ pg

for a polytropic process is defined by the formula
. ®

- (u-:l)z' (8.2)

eCI‘

where n 1s the polytropic exponent.

Considering that there is no marked heat transfer at the
throttle during filling of the bralie system volume, we can take
n=1.4, In this case, ¢ _ = 0.528.

cr
The fi1ling regime will be characterized by the ratio

where ¢ > €op for the suberitical regime and ¢ < €op for the

supercritical regime.

In the vast majority of brake systems, filling takes place 1n
the supercritical regime.
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The air flowrate in the th: :tle when filling in the super-
critical regime will be constant and equal to:

Ga or = aFthR—T VgnRT. (._-[-_1 . (8.4)

where V gaRT=V is the speed of aound in air;

-a4l
‘/(;%i)nz 0.57 for n = 1.U4;

T is the temperature in K; R is the gas constant; Py is the supply

system pressure; a is the flow coefficient, equal to 0.4 — 0.6; and

Fth is the throttle flow section area.

To determine the filling time for the volume VO’ we use the
gas equation of state:

pV.=RTQa. (8-5)

The system volume filling equation can be obtained by assuming
that the specific heat of the gas varies little during the filling
process and the process polytropic exponent can be assumed constant
(n = const).

We write the characteristic air flowrate equation in differential
form:

Vedp = RTdQ, , (8.6)

where dp is the pressure increment in the system; and an is the
incremental air weight in the system.

We divide the left and right sides of (8.6) by the infinitesimal
time increment 4t

dp _ RT dQ,
=V T (8.7)
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Considering that
(8.8)
we obtailn

(8.9)

e _RT,
&V, a

Since the filling process iakes place in the supercritical
regime, we obtain

Ga = Ga cr?

(8.10)
_RT, |
dt Vo a cCr

Solving (8.10) for dt and integrating it in the limits from P;

to P.ps We obtain the filling time for the 1sothermal process

VolP., - P,)
P L oL (8.12)
acr
As we noted above, in brake systems Py max < Pops then
VoP
0*'b
T, = mma— (8.13)
a RTGcr

where Ty is the time to f1ll the volume to the pressure Py (brake

application time).

Brake release time. 1In order to determine the brake system
release time, we use the equations of gasdynamics. Since the air

discharges into the atmosphere and ¢, = 0.528 — 0.607, we have
P
p = -% =1.65 — 1.9 kG/cm°. (8.14)
er g,
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Thus, release system pressure to Pop takes place in the

supercritical regime and further brake release takes place in the
subcritical regime. In practice, in actual brake systems, the seg-
ment with subcritical discharge regime can be neglected.

Thus, by analogy with (8.10), we can write (taking the flow-
rate to be negative)

: T
;“{5-3‘-’; o (8.15)
and
Ga = Ga cr aFthpc,
where
————— 2 asrl
c=!M.,V ()
" RT _ a1
Then
!pzz_g aF,, cdt. (8.16)
[ ]

After integrating in the 1limits from Py max to Py (pb will be
not less than pcr)’ we have

in ——EQ—— = - EE‘Eft—mcr; (8.17)
Ph max V0
\'s o]
T = 1n E%;EEE §T2§;;é= B 1n ;gsfgi, (8.18)
where
Vo
B = —TEF;;63 const.

135

Y



Since B depends only on the valve geometric parameters and the
initial process conditions, (8.18) can be written in the form

< pb
—_==n __.!‘EEE, (8.19)
B pb

The dependence of pb/pb max °P t/B can be represented in the

form of curves (Figure 8.11) for the isothermal process n = 1 and
for the adlabatic process n = k = 1.4.

To find the pressure Py corresponding to the given time 1, we

must calculate the constant B and find the ratio t/B, then we find,
from the graph, the corresponding value of pb/pb max®

Knowing the initial pressure in the brake chamber Py max® "€ /124
obtain the corresponding pressure Py- The problem of determining the

time t from a given pressure Py is solved similarly.

The graph shows that the difference in the pressures for the
isothermal and adlabatic processes is small. This situation makes
it possible to calculate the system brake release time on the basis
of the isothermal process, obtalning in so doing results which are
quite close to the actual values.

The consliderable length of the brake system lines also aids in
equalizing the temperatures during brake release and brings this
process closer to the isothermal process.

This computation method does not consider the inertia of the
moving masses of the pneumatic rubber expander tubes and the brake
cylinder plstons, since experience shows that their influence can
be neglected.
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Pigure 8.11. Dependence of
pb/pb max °0 t/B for pneumatic

brake system. Figure 8.12. 1Idealization of
hydraulic brake system.

5. _Hydraulic Brake System Analysis

Analysis of hydraulic brake systems, just as that of pneumatic
systems, reduces to determining the system response speed: 1its
brake application and brake release times. For the calculation,
we must know the following system parameters: brake system
schematic, line lengths and diameters, volume of the system and
brakes, working pressure in the system, and working pressure in the
brakes.

Figure 8.12 shows a segment of the hydraulic brake system. We
take the following notations for the calculation: Pg is the system

pressure; p, is the brake pressure; Z1 is the line length; d1 is

the line diameter; Vi is the initial geometric volume (prior to the
instant of braking initiation); Vinc is the iIncrease of the iritial
geometric volume (in the brake application process).

The 1nitial volume Vi of the brake and system is the volume

when all the moving brake elements are in the initial position and
the excess pressure in the system 1s equal to zero. This volume is
always filled with 1liquid. The increase of the initial geometric

volume 1s equal to the volume of liquid entering the brake through
the reduction valve and providing displacement of the brake moving
parts prior to the instant the friction surfaces come into contact.
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In the system analysis,
v,, .V, we take the reduction valve flow
Loghto il
section to be constant and equal
to Fth' The flow sections of

ﬁiﬁiiitfélié h%ﬂgﬁﬁe‘i all the other units are assumed

brake systen. to be no smaller than the fliow
section of the line coming from
the reducer.

The system analysis is made using the simplified schematic
(Figure 8.13) and includes determining the time for filling the

volume V to the pressure p'b necessary for displacement of the

inc
brake moving parts until full contact of the brake friction surfaces,

and determination of the time for the pressure to increase from p'b

to Py max’ when the friction surfaces are clamped together with the

design force.

The increase of the geometric volume with pressure increase
because of deformation of the brake elements (with increase of

the pressure from p'b ) is not considered.

to Py max
Let us examine the first calculation stage — determining the

time for filling of the volume V to the pressure p'b.

inc

The liquid flowrate through the constant section throttle 1s
found from the formula:

Q = Ap- ECH/K', (8.20)

where QL is the 1liquid flowrate; F is the throttle flow section

th

area; Ap 1s the pressure differential; Ath = kf ]/S! is the
b |
reduced flowrate coefficient (here kf = 0.6 1s the flowrate

coefficient, g =9.81 cm/sec2).
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In the brake system, the reduction valve 1s the throttle.
Let us examine the brake application process with fully open
reduction valve. 1In this case, the average pressure differential
across the throttle
P'y
8p = pg - (pll t =), (8.21)

where p,, are the pressure losses in the equivalent line from the

valve to the brake.

The pressure varliation as the moving elements displace follows
a linear law.

For the laminar fluid flow case, the magnitude of the pressure
losses in the line is found from the formula:

where I is the line length; and d 1s the line diameter;

Py (8.23)
Re
Here Re = vd/v = HQL/vwd is the Reynolds number (8.24)

where v is the fluid flow velocity in the linej; and v is the
kinematic wviscosity.

After making the corresponding transformations, we obtain:

= w!
- P o5 Q- (8.25)

If the system cdnsists of several lines with different lengths
and diemeters, the pressure losses can be found rom the equation:

Py =‘°T(¢~+4~+ + ) Q . (8.26)
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Thus, (8.20), with account for the losses in the system lines
and the average backpressure in the cylinders, will have the form:

. =
= - - _b
U 3 Atthh]/p Prz - 72 (8.27)
or
Yooy
Q 1 = AgpFen Y Ps - D9 - 5 (8.28)
where
_'13:_“_
i 2&

Solving (8.28), we obtain

2 2 Py
) (A 2 2

= (AgpFen) Pg = (AgpFey) DQL 1 -

2
Q3 (A nFen

|

2 2 b, _
QL 1 + (AgpFep) DQL 1~ AgpFep) (pg - =5 =0,

hence,
2 2
o . =_ltn'tn®
L1 2 -
2 2
A F D !
th “th 2 2 o2 b
* ‘/( > )7+ A Fen(Pg - )
The real solution will be
/ 2 o2
A p' A_.F_.D
th th 2 2 .2 - b th th™
V(__.___..._) + Atthh(p __.2 ) - —— (8.29)

Knowing the initial volume increase V and the average flow-

inc
rate 1n this segment, we obtain the volume filling time
- Vinc

. (8.30)
Q, 1
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After f1lling of the volume V the variation of the

ine?
pressure p, with time 1s defined by the relation:

dpb 5
Ko 37 = U av? (8.31)
where QL av is the average flowrate during the entire process;
KO is the system elasticilty,

\'

)y + =2, (8.32)

4 1
Ko = Fyilgg * E,

B
where Fz is the line flow section area; I is the line length;
d is the line diameter; 61 is the line wall thickness; E is the
line material elastic modulus; El is the working fluid elastic

modulus; and Vs is the overall system volume Vs = V1 + vinc'

If the system consists of lines of different lengths and
diameters, then 7 and 4 are taken to be the equivalent values,
i.e., such that for the flowrate QL, they create the same
resistance as

-
[ A
Za

For linear variation of the pressure from pb' to pb",

2 "

A F D P.' + p
th Tth 2,2 2. 2 b b
Q2 (=) + A Fo "o - (———)] -
(8.33)
2. 2
Aeh Fen 0 9Py
0 d4at °?
hence
dp Q
=T (8.34)
0
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‘ba e—Tbr——d
Figure 8.14. Brake pressure Figure 8.15. Brake pressure
varlation during brake varlation during brake release.
application.

where dpb/dT is the rate of pressure change in the system.

The time for pressure rise from )b' to pb" is

" - t
A _ Po Py
de
The times At; and Ats for the remaining system segments are

determined similarly.

The brake pressure variation with time during brake application
is shown in Figure 8.14.

Obviously, the total brake application time is found au:

Tba =13+ Ats ... + Ata. (8.36)

The values of pb" and pb'" are, by convention, taken equal to
1/3 and 2/3 of Py max’ respectively, where Py max is the maximal

regulated pressure in the brake system.

In order to determine the brake system release time, we
find the amount of fluid entering the sysiem with increase of the
pressure from pb' to Py max® This amount is found as the sum of

the volumes calculated for each segment separately. Then
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AV = AV +AVs +AVi+ ... + AV, (8.37)

where

AV = QLiATi' (8.38)

After determining AV and knowing the system elasticity, we find
the fluid flowrate through the valve 1 (see Figure 8.12), whose

flow section area for return flow 1is F'th‘ Consequently,
! .
QL = AthF th' Apav b '\80 39)

where

- Py max ~ p'b
av 2 :

Ap

During brake release, the pressure drop curve has the form
shown in Figure 8.15. In segment AB, the volume AV is displaced
from the system and in segment BC, the volume Vinc is discharged.

In segment AB, the system elasticity K0 = const. We can consider

that the discharge process that takes place at a constant pressure
differential equal to the average differential Apav (we neglect
the return line resistance). Then

Q = A, F' Pb max ~ P'b (8.40)
L th™ th 2 *

The time for emptying the volume AV

(8.41)
p - p'
b max b
Acnf'tn Y >
For the segment BC we obtain
p'b
Ao = Fenflen” 3 s (8.42)
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hence

v
= A——w———ﬁz-— . (8.“3)
th™ th Q
The total brake release time
Tbr = utn
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CHAPTER 9

N

AUTOMATION OF THE BRAKING PROCESS

1. Wheel Skid Onset Conditions

Automatic Antiskid Control System

We noted previously that braking effectiveness 1s determined by
the magnitude of the traction coefficient realized. Braking is most
effective when the limiting coefficient of tire traction with the
ruaway (u;;-) is realized. In this case, the wheel rolls with

relative sliding equal to Glim' Increase of the braking moment (for
any reascn) leads to inerease of the relative sliding above Glim and

marked reduction of the traction coefficient. The larger, in absolute
magnitude difference, of the moments AM = Mfr - Mb which arises as

a result of this leads to complete wheel lockup. A similar phenome-
non also takes place in the case of marked recdu tlon of the traction
moment because of reduction of either the traction coefficient or
the radial load on the wheel with constant braking moment. Tuis
situation 1s possible, for example, when the wheel encounters a wet
or icy spot on the runway. In elther case, complete wheel lockup
causes either lucal elliptical-shaped abrading of the tire tread

or complete tire fallure.
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For the most effective
nonskid braking, it 1s necessary
to regulate the braking moment so
that rolling of the braked wheel
takes place with relative slid-
ing corresponding to the limiting
coefficient of tire traction with
the runway at the given instant.
The pilot cannot accomplish

such braking because of the

large number of factors deter-
Figure 9.1. Airplane braking
system with electroinertial
sensors. Therefore, most modern air-

mining these conditions.

l1- reduction valve; 2- electro- rlanes have special automatic
magnetic valve; 3- electro-

inertial controller antiskid systems to ensure non-

skid braking and obtain acceptable
braking effectiveness.

At the present time, two automatic antiskid systems have found
wide application: remote acting systems with electroinertial or /131

electrical controllers and systems with direct acting automatic
controllers.

In the remote acting systems, the electroinertial or electrical
controller is mounted rigidly on the brake and its sensitive element
(flyweight in the electroinertial sensor or generator armature in
the electrical sensor) is coupled with the wheel through gearing.
The system shown in Figure 9.1 is an example of a very simple system
with electroinertial controller. In this system, during braking,
the pressure from the reduction valve 1 enters the brake through the
electromagnetic valve 2. If the wheel starts skidding during the
braking process, there is marked change of the wheel rpm and the
relative sliding. The sensitive element of the controller 3 reacts
to the resulting rpm change and sends a signal in the form of an
electrical pulse to the valve 2, which releases the wheel brake.

The system with direct acting automatic control does not have a
separate valve 2, since the automatic control itself 1s mounted on
the brake and includes both a sensitive element and valve unit.
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Systems which automatically
ensure the most effective nonskid
braking have been developed and
put into use only very recently.

2. Construction and Operating
Principle of the Eleetro-
inertial Controller and the
Direct Acting Automatic
Controller

One of the widely used

NR SO 2R electroinertial controller designs
!g]if;‘“i is shown in Figure 9.2 and

Ve S 7/

NN\ 7y

g operates as follows. Durin
oy e £

airplane landing rollout, wheel

Figure 9.2. Construction of rotation is transmitted through

electroinertial controller. gearing to the spider 3 and then
1- stop; c- limit switch; 3-

spider; U- shaft; 5- sleeve; to the shaft 4. The shaft U
6- flywhegl; T- spring loaded transmits the rotation through
clutch; - plunger; 9- spring;
10- shaft; 11- lever; 12- the plunger 8 to the sleeve 5,
spring; 13- bolt. which is coupled through the
spring loaded clutch 7 with the
flywheel 6. The spring loaded clutch 7 couples the flywheel 6 with
the sleeve 5 and acts as a ratchet. In the absence of skidding,
the flywheel 6 rotates synchronously with the wheel with rpm equal

to

Ney = inw’

where {1 1s the gear ratio from the wheel to the controller.

The flywheel kinetic energy
2

J
K =—f%f—l— , (9.14)

W
where Jp, 1s the flywheel moment of inertia and wg = (nnw/30)i is

the flywheel angular velocity.
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As the wheel begins skidding,
the rpm of the shaft 4, rigidly
coupled with the wheel, decreases
sharply. As a result of inertila,
the flywheel and attached sleeve 5
lead the shaft and create an
angular error of magnitude a
(Figure 9.3). The sleeve 5,
Figure 9.3. Activation mechanism having a threaded surface at the
force diagram. point of contact with the

plunger 8, causes axial plunger

displacement whose magnitude is proportional to the helix rise angle
g and the angle a. The plunger 8 displaces the lever 11 which, as it
rotates on the shaft 10, actuates the 1limit switch 2 by the head of
the bolt 13 and applies an electrical pulse to the electromagnetic
brakzs release valve.

After actuation, the lever reaches the stop 1 and holds the limit
switch closed until either the skid terminates and the angular error
disappears, or the flywheel loses all its kinetic energy because of /133
friction as it rotates on the sleeve 5. After this, the spring 12
returns the lever 11 and plunger 8 to the original position and
electrical signal transmission terminates.

Analysis of the electroinertial controller reduces to determining
its basic design narameters — flywheel moment of inertia and friction
clutch torque — from the initial data: the theoretical deceleration
at which 1limit switch actuation should occur and the force necessary
for switch actuation.

The plunger force required for switch actuation is

P =1

p Al

1’

where P, 1s the force required to activate the switch and compress

1
the return spring; iZ is the lever gear ratio.
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From examination of the force diagram (see Figure 9.3)
without account for friction

B, = T1g(90° —p),

where T 1s the component of the normal pressure N of the plunger
8 on the helical surface of the sleeve 5.

With account for friction, the plunger force will be:

Pp = Ttg(90*—p—p). (9.15)

where p is the friction angle with the sleeve sliding relative to
the plunger.

The force component

%,
L4

r-x=

where MQ is the friction moment on the sleeve as the flywheel

slides over it (friction cliutch moment); r is the force radius of
action.

For a given design deceleration
g (9.16)
where €34 is the design angular deceleration at actuation.

Substituting the force component (9.16) into (9.15), we obtain

P = f—f{i tg (90° - 8 - pleyy
or
Jry
1, ° Py = = t8 (90° - B - pleyys (9.17)
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hence

i,P.r

_ 1F1
Je1 = tg(90° - 6 - PYegg (9.18)

The angle B 1s selected from constructional considerations
(usually B = 25°) and the angle p is determined by the plunger and
sleeve material. The friction clutch moment MQ must ensure positive
limit switch actuation. We take

Mp = KJe1€4a

where k¥ = 1.5 — 2.5 1s the safety factor. The pulse duration:

L flee—e)
- M.—— []

where w., is the flywheel angular velocity at the instant the wheel

0
starts skidding; and w is the flywheel angular velocity at the
instant the wheel stops skidding.

In this case, the maximal pulse duration will be, when «wo=emas,
and w = 0, then

Jaqw Li ¢!
T - _flmax _ _ max (9.19)

max kalEdd 30kedd

The electrolnertial controller 1esponse speed 1s characterized
by the time for the flywheel to rotate relative to the sleeve through
the angle necessary for switch actuation. The controller response
speed increases with reduction of the flywheel rotation angli-=.

An example of a direct acting controller is the Maxaret unit
made by Dunlop, which is widely used on certain passenger airplanes
in Western Europe.

A schematic of the controller is shown in Figure 9.4. As the
airplane travels over the runway, the roller 1 with rubber rim
rotates in the ball bearings 4 because of direct contact with the
wheel rim 9. The flywheel 2 1linked with the roller 1 by three-coil
cylindrical spring 3 rotates together with the roller. 1In the {
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Figure 9.4. Maxaret direct acting antiskid controller.

1- roller; 2- flywheel; 3- spring loaded clutch; 4- ball bearing;
5- plate; 6~ balls; T- sleeve; 8- spiral spring; 9- wheel rim;
10- plunger; 1ll- spring; 12- arm; 13- link; 1l4- lever.

absence of skidding, the controller roller and flywheel! rotate
synchronously with the wheel. When a skid develops, the flywheel
begins to lead the roller, rotating through a definite angle and
thereby winding up the spiral spring 8. The spiral spring rotation
angle and torsional force are proportional to the roller decelera-
tion. As the flywheel rotates, the “alls 6, retained in the plate
5, begin to displace among the sloping surfaces of the sleeve 7,
coupled with the roller. As the balls displace along the sleeve
ramps, they also displace axlally, which shifts the plunger 10 to
the left. As the plunger displaces, it rotates the lever 14 which
is connected by the 1link 13 with the valve mechanism arm 12. 1In

the absence of skidding, the outlet valve, connected with the return
line, is closed, while the inlet valve is open and pressure from the
brake reduction valve passes freely into the brake. If the wheel

~N
=
o

|
J
f

skids, the inlet valve closes and the outlet valve opens, connecting
the brake system with the return line. The flow sections of the
inlet and outlet valves are made small in order to avoid abrupt
pressure change in the brake.

The construction of the lever mechanism is -~uch that the outlet
valve opening depends on the wheel angular deceleration. If there
is a large deceleration, the outlet va.ve has a large displacement,
which 1s accomplished by additional displacement of the spring
loaded support 11. When skidding stops, the flywheel is returned
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. to the initial position by the

1’;‘ spiral spring. The brake release
#p ' o pulse hold time in this controller
Heof ™ _ is three to four seconds and the
Ay B\ Yy |

controller actuating frequency
u§x~ T in the system usually varies
b
from 10 to 20 Hz.

I Tne processes taking place
in the antiskid system can be

Figure 9.5. Operation of system represented graphically.
with electrolnertial controller. Figure 9.5 shows the process
of wheel skid initiation and

skid elimination by a system with electroinertial controller. Tie

ordinates are: w, = wheel angular velocity; Mtr = traction moment;

Mb = braking moment; u, = controller electrical pulse; wg

controller shaft angular deceleration; Weq = controller flywheel
angular velocity.

The process time 1 is plotted along the abscissa. In the
absence of skidding, the wheel rotates with the deceleration

dww
fw = a
to which corresponds constant deceleration of the c¢ontroller shaft /135

and flywheel e The reduction of the wheel angular velocity W,

and the shaft and flywheel angular velocity Weqy is linear.

When, for any reason, there is change of the moments M and M

tr b?
the new difference AM causes change of the controller input shaft
deceleration. This leads to triggering of the sensing element and
transmission of an electrical pulse for brake release (see Figure
9.5, point 1). Because of system lag, the braking moment beg!ns to

decrease after some time interval Ty during which there is further

increase of the braking moment, reduction of the traction moment,
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and increase of the deceleration

€ge The angular velocity wy

decreases sharply. At point 2,

(‘!A\"'-' AR AD

the braking moment begins to

[ N\VJV ¥
' decrease and, therefore, the
R 5 < difference moment -AM decreases
‘&1 in absolute magnitude, altering
vﬁa the nature of the wheel angular
r— . v~locity decrease (segment 2 — 3).
H - As soon as the traction moment
Figure 9.6. Variation of becomes larger than the braking
braking moment Mb (a) and moment (to the right of point 3),
relative slip Gsl (b) during the wheel begins to speed up
operation of systems with under the action of the moment

different response speed. difference +AM. Electrical

pulse output stops as soon as
the angular error in the controller sensing mechanism disappears
(point 4). However, because of the system lag, the braking moment
continues to decrease for some time T, and then agaln increases to

the original value. This figure reflects the pattern of the processes
taking place in the case of a single system actuation. If the

skidding regime continues for a long time, the system wili ctperate /137
continuously during the braking process, repeating the cycle

desz-ribed above with a frequency on the order of 5§ — 10 Hz. The

response speed of the entire system determines, to a considerable

dexree, the braking effectiveness. Figure 9.6 shows the braking

m>ment varlation for operation of systems with different response

speed: T is the time lag of the first system; Ty is the time lag

of the second system; Gsl is the relative sliding.

The time lag Ty is shorter than - We see from comparison

of the curves that reductlon of the system lag leads to increase
of the triggering frequency and reduction of the Mb oscillation
amplitude, which increases the average braking moment Mb and

reduces the relative sliding Gsl'
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The overall time lag T is made up of the controller time lag Ty

actuator time lag Ths and time lag 13 of the system itself, i.e.,
t=tut+utt

These time lags for exlisting systems are approximately T, =

= 0.02 — 0.04 sec, and 1, = 0.02 — 0.04 sec.

0.01 — 0.02 sec, T 3 ®

2

Acceordingly, the overall time lag is 1In the range t = 0.05 —
0.10 sec. With this value of 1, the braking moment oscillation
amplitude can amount to 20 — 40%.

A no less important fa-tor influencing braking effectiveness
is controller sensitivity, by which we mean the magnitude of the

deceleration €4 necessary for controller triggering and transmission

of the brake release pulse to the actuating mechanism. The influence
¢f controller sensitivity on the oscillation amplitude 1s seen in
figure 9.5. When the controller tranmits a brake release pulse

with the regulation e (point 1), the pulse transmission lag is T3,

while for the regulation e's, the lag 1s 71y (point 5). Here we have

€ < e ! < Ty
s s and 13 "

While the lag 131 (together with the lag 1) determines AM,, the

lag 14 (also together with t1:1) determines uMl', and AM1 < Ml'.
The quantity €y is found from the formula

Eg = ikew,

where 1 is the gear ratio from the wheel to the controller shaft; k
is the safety factor; and € 1s the wheel deceleration which occurs

when braking without skidding with maximal possible braking moment.

154



Operating experience shows that controller sensitivity with
k < 1.5 may lead to reduction of braking effectiveness because of
false triggerings, while the sensitivity with k > 3 increases tire
wear wlthout significant braking effectiveness impcovement. The /138

characteristic M. = f(1t) — the dependence of Mb on brake application

b
and release time — 1s very important for system operating effective-
ness. If, after brake release valve actuation, Mb decreases more

slowly than M the wheel brake may not be fully released when the

tr?

pilckup pulse terminates. In this case, Mb increases to the original

value and the wheel will be completely locked up. In designing
automatic braking systems, we must try to ensure that the maximal
brake release pulse hold time is 1.5 — 2 times longer than the time
for Mb to decrease from its maximal value to zero. However,

excesslilve steepness of the Mb = f(1) curve reduces the braking

diagram fullness.

The sensitvivity or the minimal angular deceleration (¢ ) at

s min
which the tontroller should not actuate is determined by the maximal
linear airrlanc deceleration, which occurs with realization of the
limiting traction coefficlent.

From the specified airplane linear deceleration, we can find
the controller shaft deceleration using the formula

aS max
= jk——

€ s
s min ry

where rd is the dynamic wheel rolling radius.
Since

s max = gusl’
we obtain

s min rd sl
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3. Brake Systems and Antiskid
Systems

Antiskid systems may be
either single signal or two-

signal. Most airplanes use

single signal systems, in which

7 | ' an electroinertial controller

reacts only to wheel angular
deceleration. Two-signal systems,
in which the controller reacts

Figure 9.7. Single signal
sygtem 3iéh elec%roinegtial not only to wheel angular decel-

controller. eration (first signal) but also

1- reduction valve; 2, 9- to the angular velocity (second
electromagnetic valves; 3=
nose wheel; 4, 7- electro-
inertial controllers; 5- manual introduced on scme airplanes.
switch; 6- relay coil; 8- main
wheel; 10- differential.

signal) have recently been

The electromagnetic valve
recelves the second brake release
signal when the electrical pulse from the first signal terminates.
Use of the two-signal system improves braking safety, particularly

at the first instant after touchdown, when the airplane wheels do

not have adequate trcction with the runway.

Figure 9.7 shows a single signal system with electroinertial
controller for a light airplane with pneumatic tricycle gear braking
system. Compressed air enters the brake line from the pressure /139
bottle through the reduction valve 1, then passes through the electro-
magnetic valve 2 to the nose wheel brake 3 and through the differen-
tial 10 and valves 9 to the main wheel brakes 8. The electrical
power for the automatlc antiskld system is turned on and off by the
manual switch 5. The wheel braking force is regulated by varying
the brake pressure by displacing the rod of the valve 1. Braking
of the right or left wheel, required for airplane control on the
ground when taxiing with turns, or to prevent turns when taxiing in
a straight line, is accomplished by the differential 10, whose lever
1s linked with the rudder pedals. Each wheel 1s equipped with an

electroinertial controller 7 to prevent skidding. If one main wheel
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. - starts skidding, the controller 7
o of this wheel sends an electrical
pulse to both main wheel 8 brake
release valves 9 and to the
winding of relay 6. Actuation

of relay 6 sends an electrical
pulse to the nose wheel valve 2.
Thus, the brakes of all three
wheels are released simultane-

Figure 9.8. Two-signal antiskid  ©usly. If the nose wheel 3

system. starts to skid, its controller 4
1- valves; 2, 3- switches; U- sends a signal only to the nose
unbraked wheel; 5- centrifugal

controller; 6- switch; 7- wheel valve 2. This wheel brake
controller; 8- main wheel; 9- release sequence ensures the

valve, required airplane stability

during landing rollout.

Figure 9.8 shows the two-uignal antiskid system of an airplane
with bicycle landing gear. The main wheel 8 is braked, the front
wheel 4 is not braked. Compressed air flows from the bottle through
the valve 1 into the n-in wheel brake line. On the main wheel 8
there is mounted the controller 7, having the contacts A of the
single signal electroinertial rontroller which reacts to wheel
deceleration and the contacts B of the centrifugal controller which
actuates at a given wheel angular velocity. The contacts C of the
centrifugal controller 5 mounted on the unbraked wheel % close and
open at a set front wheel angular velocity. The electrical circuit:
(+), switches 3 and 2, valve 9, contacts A, and (-) is the channel
for transmission of the first signal of the single signal system
and the circuit: (+), switches 3 and 2, valve 9, contacts B, C, D,
and (-) 1s the channel for transmission of the second signal. 1In

/140

——ne

flight, when the front gear shock strut 1s not compressed, the contacts

D of switch 6 are closed, and when the airplane iz on the ground
and the shock strut is compressed, these contacts are open.
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The system operates as follows. Initially, the manual switch
3 1s ¢l~sed, contacts B are closed, and contacts A, C, and D are
open. The electromagnetic valve 9 is de-energized and the pressure
from the reduction valve 1 can enter the brakes freely. VWhen the
nose gear shock strut extends, the contacts D close and the second
signal circult is ready for operation. Prior to landing, pressure
is created in tue system by displacing the rod of tha raduction
valve 1. Then the pneumatic switch 2 closes the second signal
circuit: (+), contacts B and D, (-) through the electromagnet
winding of valve 9, as a result of which the pressure does not
enter the brakes. After touchdown, as soon as tiie malin wheel
spins up to the set angular velocity, contacts B ocpen, valve 9
cpens, and alr under pras- .re enters the brakes. After nore wheel
spinup, contacts C close and cuntacts D open ~.ter nose wheel shock
strut compression. If the wheel 8 starts to skid, the sensor
reacting to deceleration (contacts A) triggers first and the
system operates as a conventional one-signai system. 1If the air-
plane balloons or the wheel 8 enters a protracted skid, after 1.5
to 2 seconds, the first signal pulse from the contrcller 7 terminates,
contacts A open, and the wheel begins to slow down, but does not
come to a complete stop, sirce as soon as the wheel slows cdown to
a set rpm, contacts B close and the wheel 8 will be unbraked by the
second-signal channel. The system operates as a two~signal system
to a speed of 50 — 70 km/hr. At speeds below 50 km/hr, contacts
C of controller 5 open, coutacts B of controller 7 close without
energlizing the valve 9, and the system operates as a sing.e signal
system.

Considering that the aerodynamic characteristics of some alr-
planes are such that the load on the whe2els increases gradually
during the landing rollout, programmed increase of the braking
pressure as a function of airplane speed becomes necessary. This
is achieved by using specia” electrical remote control systems, onre
of which 1s shown in Figure 9.9. This system with programmed step
by step remote regulation of the pressure in the brakes was developed
for an airplane having bicycle gear and braked front wheels.
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Figure 9.9. Brake system with programmed multistep brake prz2ssure
regulation.

1, 2, 3- switch positions; U4- relay; 5- electrohydraulic reducer;
6, 7- controllers.

The system operzctes as follows. As the airplane speed decreases
during braking, the pilot places the manual switch in turn in the
positions 1, 2, and 3. With the aid of relay 4. the electromagnetic
reducer - creates brake pressure: P, — magnetic I 1s energized,

Py — magriet II 1s energized, and then p3 — both magnets are

energized. When the switch is placed in the zero position, there
is no brake pressure, since, in this case, both magnets are de-
energized. Multistage pressure activation makes it possible vo
obtain, in each stage, a braking moment which is part of the
maximal value. Since it is not possible in practice to maintain

the skid-free braking relation Mb < Mtr throughout the landing roll

when using multistep regulation, the antiskid system first-signal
controller 6 will trigger (contacts A close) from time to time. In
this case, relay 4 de-e-rrgizes either n. znet I or magnet II and
the pressure decreases om p3 to Pys OF from Py to 2 i.e., to

the preceding value. However, if the skid continues with this /142
brake pressure reduction, the second-signal controller 6 triggers

snd contacts B close, de-enzrgizing both magnets, and the brake

pressure drops to zero.
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Figure 9.10. Electronic antiskid controller.

Figure 9.10 shows a single-signal electronic antiskid controller
using semiconductor elements. The controller consists of identical
ampliifier transformer channels, the number of which corresponds to
the number of tachgenerators installed on the braked wheels. The
controller consists of an input circuit and a power amplifier. The
input circuit has a bridge rectifier system (diodes D1 — D4)_ a
capacitor Cl which smooths the rectified voltage pulsation, a
differentiation loop (C2R2R3 — D5D6Rin), and a varliable resistor

Rl for sensitivity regulation. The three-stage power amplifier is
a noncontact semiconductor relay (Tl, T2) which controls the output
stage (T31, T32), whose load is the electromagnetic brake release
valve winding. All four amplifier transistors operate in the
switching mode. The resistor R10 and diodes D7, D9, and D10 are
used to block the composite power triode (T31, T32). Controller
regulation stahility with temperature variation is achieved by
using deep feedback in the semlconductor relays and temperature-
dependent biasing.

In the case of skid-free braking, the transistor Tl is
saturated, while the transistor T2 and the composite output triode
(T31, T32) are in the cutoff state; therefore, the electromagnetic
valve winding 1is de-energized (in view of its smallness, the reverse
collector current of transistor T32 is neglected) and pressure is
supplied -o the brake.

When a skid develops, the wheel angular velocity and the tach-
generator voltage decrease. This causes discharge of the capacitor
C2, whose discharge current creates on the semiconductor relay input
resistance a voltage proportional to wheel angular deceleration
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dUC
Uin IdRin’ IdRin _02 dt °
dU02 duw
= k _w.zke
dt 1 dr 1w °?
Uin = -kyeys

where Uin is the relay input voltage; Id is the discharge current cof

capacitor C2; Rin is the semiconductor relay input resistance; UC
2

is the voltage on the plates of capacitor C2; W is the wheel

angular velocity; €y is the Wwheel angular deceleration; and kl and

k., are proportionality coefficients.

2
The relay input voltage causes avalanche-like reversal (release)

of the semiconductor relay circuit: the transistor T2 transitions

to the cutoff regime and the transistor Tl and the composite output

triode (T31, T32) transition to the saturation regime. As a result,

current appears in the electromagnetic valve winding and the brake

is released. If the wheel speed increases, the tachgenerator voltage

increases, discharge of capacitor C2 terminates, reversal of the

relay amplifier takes place, and air under pressure is supplied to

the brake. However, if after brake release, the wheel continues to

lose rpm, the electromagnetic valve will remain energized for some

time, until the negative potential c¢reated on the base of transistor

Tl by the discharge current of the capacitor C2 decreases to a value

at which noncontact relay "triggering" and output triode transition

to the cutoff regirie takes place, which leads to wheel braking.

This time is determined by the time constant of the capacitor C2

discharge circult ard by the initial voltage on this capacitor.

Figure 9.11 shows a remote control electrchydraullc system
with electrical antiskid controller. The system consists of the
pressure controller 2, electroblock 15, electrohydraulic valve 3,
brake release valve 13, and the antiskid system generator 12. The
pressure controller 2 is mounted in the cockpit. It is a transformer
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Figure 9.11. Electrohydraulic remote control system.

1~ pedal; 2- pressure controller; 3- electrohydraulic valve; U-
core; 5- feedback sensor; 6- electromechanical transformer; 7-
nozzle flapper unit; 8- nozzle; 9- controlling chamber; 10-
working spool; 1ll- electrovalve; 12- antiskid system generator;

13- brake release valve; 1lU- controlling chamber; 15~ electroblock;
16- resistance; 17- output winding; 18- magnetic amplifier winding;
19- antiskid system electronics; 20- magnetic amplifier; 21~
resistance; 22- feedforward and feedback elements; 23- pressure
controller core; 24~ switch.

with variable transformation ratio (depending ¢ »hrake pedal travel)
and secondary electric switch.

The electroblock 15 consists of three elements: feedfoward
and feedback electrical system 22, magnetic amplifier 20, and
antlskid system electronics 19.

The electrohydraulic reduction valve 3 is located near the
brakes, as a rule, in the gear well. The electrohydraulic valve /144
consists of the electromechanical transformer 6, nozzie flapper unit
7 — which controls the working spool 10, electrovalve 11 which
blocks the hydraulic pressure in order to eliminate fluid flow
through the nozzles and connects ...¢ braxe with the return line when
the brake pedal 1 is not depressed, and also the feedback sensor 5



in the reduced pressure line. The brake release valve 13 is installed
in the gear well and releases the pressure from the brakes during
antiskid system operation. The antiskid system generator 12 1is
mounted on the wheel brake and is a DC or AC generator which puts

out a voltage proportional to wheel rpm. The system is suppled

36 V 400 Hz AC and 27 V DC.

When the pedal 1 is depressed, the switch 24 closes, the electro-
valve 11 supplies hydraulic fluid to the nozzles 8, and the control
chambers 9 and 14 of the spool 10. If the currents (in opposite
directions) in the resistances 16 and 21 are equal, the potential
difference across the magnetic amplifier output winding 17 1s equal
to zero. The flapper is in the center position, the pressures on

N
—
-4
N

the ends of the spool 10 are equal, and fluid does not enter the
brakes.

With further movement of the pedal and displacement of the
core 23, the pressure controller 2 changes its transformation ratio,
as a result of which the equilibrium of the currents flowing through
the resistances 16 and 21 is disrupted and an error current propor-
tional to the difference of the controller 2 and feedback sensor 5
signals appears in the output winding 17. The error current 1is
amplified by the magnetic amplifier 20. The amplified signal is
applied to the winding of transformer 6. The flapper displaces and
the pressure increases in chamber 9 and decreases in chamber 14.
Under the influence of the pressures in chambers 9 and 14, the spool
10 displaces, connecting the brake line with the hydraulic system.
The reduced pressure displaces the core U4 of the feedback sensor 5,
thus changing the sensor transformation ratio. Equilibrium of the
currents in the resistances 16 and 21 is re-established, the error
current disappears, the flapper returns tov the original position,
equalizing the pressures in chambers 9 and 14. f%he spnol 10 returns
to t e original position. Thus, a pressure proportional to pressure
controller rod displacement 1s establlished in the vrake line.
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When the pedal 1 is released, the process deccribed above 1s
repeated with the difference that current flows through the winding
of transformer 6 in the opposite direction and the flapper displaces
in the other direction from the neutral position. The reduced
pressure will decrease.

If the wheel sklids more than the set amount, the signal of the
generator 12 is transformed in the braking controller 19 into a
control signal which is applied to the brake release valve 13. At
the same time, the brake release signal is applied to a corrector,
from which it enters the magnetic amplifier winding 18. The signal
from the corrector acts on the magnetic amplifier output current,
reducing the brake pressure. With the next actuation of the control-
ler, there 1is another reduction of the brake pressure, and so on,
until the optimal p.ressure is established in the system. If the
wheel traction with the ground increases and the controller stops
triggering, the pressure increases smoothly to the magnitude commanded
by *he pilot.

The systems described above are not designed to maintain the
braking regime in the limiting traction coefficient zone. These
are relay type systems with actuatling valve operating on the OPEN-
CLOSED principle. Oscillations of the brake pressure and braking /146
moment about the average value are characteristic for such systems
when operating in the skid regime. Such systems have a quite definite
percentage of loss, which, in the final analysis, leads to some
increase of the airplane braking distance. The losses can be
reduced by decreasing the pressure oscillation in the brakes by
throttling thne brakz fluif or air entry and discharge or by
increasing the system actuation frequency in the skid regime by
increasing its response speed. However, experience has shown that
even the fastest acting existing system with direct acting antiskid
controller is not free of this drawback.

One possible solution of the problem of further braking
effectiveness increase 1s the braking system of the type used in
the RS-70 airplane. The computer of this system (Figure 9.12)
receives a straln gauge signal proportional to the braking moment Mb
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Figure 9.12. Airplane automatic braking system.
1, 2~ Wy and Mb

6- electrohydraulic valve; 7- unbraked wheel; €- unbraked angular
veloclity sensor Wyp 3 9- brake; 10- braked wheel.

sensors; 3- computer; U4- amplifier; 5- computer;

and a skid signal §, obtained using an unbraked wheel 7 mounted
on the same bogle where the main braked wheels are instal.ied.

In order to obtain the necessary angular velocity signals,
the sensor 1 is mounted on the braked wheel and th- sensor 8 —
on the unbraked wheel. The system operates as follows. During
braking, the signals from sensors 1 and 8, corresponding to the /147
angular veloclities Wy and Wb ? enter the computer 3 where they are

transformed into an output signal proportional to the skid magnitude
§. The signal from sensor 2, installed on the brake, corresponding
to the magnitude of the braking moment Mb’ enters the amplifier U4

and then the computer 5, to which the signal § is applied zt the
same time. The computer 5 transforms the signals Mb and 8 into the

signal de/dG, which, with increase of 8, may have either a plus

sign, when the moment M, lncreases, or a minus sign, when Mb

b
decreases. The signal de/dd enters the electrohydraulic valve 6,
which then corrects the break pressure Py in the brake 9. At

braking initiatlion, the pressure enters the brake from the brake
reduction valve through the valve 6, whose spool is shifted somewhat
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to the right. The increase of the moment will cause reduction of
de/dG to zero. In this case, the control signal decreases and

causes the spool to shift to the left. With a zero value cof
de/dd, the spool will be in the neutral position, the brake

chamber is isolated and is not connected with elther the reduction
valve or the return line. The valve 6 is a hydraulic amplifier with
pressure feedback of the nozusle flapper type. The flapper is
controlled by an electromechanical transformer. The transformer
armature rotation angle a is directly proportional to the controlling
current Ic = thb/dG.

Consequently, for de/dG =0, a 0 and the spool is in the

center position; for +(de/d6) the armature has the maximal

max?

deflection angle +a ,» corresponding to the extreme right-hand

max
spool position. For -(de/dG), the armature rotation angle is -a,

which shifts the spool to the left and opens the brake chamber to
the return line. Thils correction system makes it possible to main-
tain the brake pressure in the zone de/dd = 0, which corresponds

to the limiting traction coefficlient 2zone.

Since the limit traction coefficiznt corresponds to a definite
relative sliding zone, it is possible to create systems of quite
high effectiveness, based on maintaining the braking regime in a
given sliding zone. Such systems are simpler, although they are
less effective than the systems which maintain the braking regime
in the 1limit traction coefficient zone. An example of such a system
is that shown in Figure 9.13. This system maintains a specified
relative sliding magnitude. This system also provides for the
possibility of altering the relative slip magnitude using manual

’_l
L
(o]

control or a programmer. The system consists of several identicail /
autonomcus systems, each of which controls the braking of one wheel

or a pair of wheels operating under the same conditions. The
asynchronous tachgenerator 8, which measures the braked wheel angular

velocity w_ , serves as the sensor for each autonomous system. A

W
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Figure 9.13. Automatic braking system w'th optimal regulation.

1- semiconductor multiplier; 2- semiconductor corrector; 3-
amplifier; U4- hydraulic amplifier; 5- electromagnetic valve; 6-
brake; 7- braked wheel; 8- tachgenerator; 9- unbraked wheel;
10- tachgenerator; 11- skid computer; 12- resistor relay; 13-
correcting feedback unit.

similar tachgenerator 10, but only one for all the autonomous
systems, measures the rotation rate w,y of the unbraked alrplane
wheel 9.

The multiplier 1 multiplies the input voltage U‘5 by the voltage

Ua’ proportional to the unbraked wheel rotational speed. At the

same time, it is a programmer which provides a specified nonlinear

law of UAm variation as a function of urbraked wheel velocity.
in

The system corrector C consists of a serlies corrector 2 and a feed-
back corrector 13. The transistorized amplifier 3 applies the
voltage Ug to the input winding of the hydraulic amplifier 4,

which creates the pressure pb in the wheel brakes. The skid

protector SP conslists of a skid computer 11, transistorized relay

12, and electromagnetic valve 5.

The system operates as follows. After the alrplane wheels
contact the runway surface and spin up, the system 1s activated
by application of the voltage UG’ Jroportional to the specified

skid magnitude 65. At every instant of time, the voltage at the /149
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output of the multiplier programmer 1 is proportional to the

difference of the rotation rates of the unbraked and braked wheels,
corresponding to the specified skid. Since the primary factor
influencing the pcsition of the extremum of the relation usl(é) is

airplane speed, it is possible to find the law of UAm variation
in

as a function of the velocity Wy s which ensures operation of the

braking wheel with nearly optimal skidding. Reproduction of this

law 1s achieved by seiecting the phase shift between the voltage Ua

and the reference voltage of the multiplier 1.

At the summation point B, the voltage UAw is compared with

in
the voltage UAw » Which is proportional to the actual velocity
out
difference Amout =0, - oW, at a given moment of time. 1In the

steady state operating regime, the voltage at the input of the
hydraulic amplifier 4 and, consequently, the braking moment Mb are
proportional to the difference

Aw Aw

in out

or

U kwa(és - 6 )’

out

where k 1s a coefficient of proportionality.
The amplifier gain is selected so that the difference between

the specified and actual valuves of the relative skid does not
exceed the allowable value

In this case, the braking moment 1s sufficient to ensure the required
skid value (with error tAGa).
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If the magnitude of the braked wheel skld deviates from 68,

the voltage U and braking moment Mb vary so as to return the skid
to the required value.

Let us assume that, because of traction coefficient reduction
wueel-ground (encountering wet grounc), the rotational speed W,

begins to decrease (relative skid increases). Reduction of w,

leads to increase of the voltage UAw , reduction of the voltage U
out
and, consequently, reduction of the braking moment, which causes

wheel spinup to the previous speed. In this case, the relative
skld will approach the required value.

The skid protector SP prevents the possibility of braked
wheel skidding in the case of failure or malfunction of the primary
system circuit elements. The skid computer 11 of the provector,
constructed using two transistors similarly to the multiplier 1,

determines the instantaneous value of the skid 60 If the magni-

ut”’
tude of the latter for any reason exceeds the specified critical /150

value Gw, the protective unit activates the electromagnetic valve 5

and reduces the brake pressure. The wheel begins to increase its
rotational speed and, as soon as the magnitude of the skid becomes
less than Gw, the electromagnetic valve supplles pressure from the

electroreduction valve to the brake.

Of the systems examined above, those which provide optimal or
nearly optimal braklng are most effective. However, they are quite
complex and this leads to limited use of such systems, particularly
for light airpleznes. 1In certain cases, effectiveness can be
improved by the use of simple additional devices in the conventional

systems.
Figure 9.14 shows an antiskid control system with programmed

braking moment regulation. The system operates as follows. During
braking, the pllot creates pressure in the wheel brake with the aid
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{ s ] Figure 9.15. Antiskid system

for 1ight airplanes.
l- electroinertial controller;

Figure 9.14. Antiskid control 2- electrical filter; 3-

system with programmed braking electromagnetic valve.

moment regulation.

1- reduction valve; 2-

restrictor; 3, 6- electro- of the valve 1. The fluid flows
magnetic valves; U4- relay; to the brake practically without

5- electroinertial sensor; T7-

makeup chamber. resistance through the electro~

magrietic valves 3 and 6. When
there 1is no skidding and the electromagnetic valve 3 is open, such
a system operates as a conventional system. If the wheel starts to
skild, an electrical signal from the inertial sensor 5 i1s fed to the
electromagnetic valve 6 and through relay 4 to the electromagnetic
valve 3. The valve 6 connects the wheel brake with the return line
and the valve 3 blocks the line supplying the valve 1. The pressure
in the brakes decreases. After skidding is elimirated, the brake
release =ignal is no longer applied and the brake is again connected
with the valve 1. As a result of regulation of the rpring of the
makeup chamber 7, the pressure in the brakes ilncreases rapidly to
a value somewhat less than that at which skidding occurred. Further /151
increase of the pressure to a value near the maximal will take place
smoothly because of the presence of the restrictor 2 and the lag in

the relay 4.

This system makes 1t possible to reduce the braking moment
oscillation amplitude with simultaneous reduction of the number of
antlskld system controller actuations.

Another system version which increases braking effectliveness
1s that shown in Figure 9.15 and is widely used on light airplanes,
The system operates as follows. When the signal coming from the
electroinertial controller 1 1s of shorter duration than the
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specifiei value, it does not pass through the filter 2 and brake
release does not take place. Nor does tire scuffing occur, since,
during this time, only angular deformation of the tire takes plice.
However, if the sensor signal 1is sufficiently long, it passes through
the electrical filter 2 to the electromagnetic valve 3, which then
releases the wheel brake.

This circuit makes 1t possible to filter out all the false

signals which may be caused by irregularities of the airdrome surface,
landing gear kinematics, and other factors.
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CHAPTER 10

BRAKE SYSTEM COMPONENT DESIGN

~
Lang
\J1
o

1. Pneumatic Brake System Components

The following basic components are used in the direct acting
pneumatic brake system: reduction valve, differential, electro-
magnetic brake release valve, shuttle valve, and others.

Reduction Valve

The pneumatic reduction valve is the unit which primarily
determines brake system effectiveness. The valve must have:

— 1linear reduced pressure dependence on plunger travel;
— maximal sensitivity with respect to plurc=2r travel;
— immunity to vibration;

— hermeticity;

— response speed.

The valve operates as follows (Figure 10.1). During lraking,
the pilot displaces the plunger 1 by a lever. The spring C deforms,
transmits the force to the piston 3, ar  “$splaces itv. The plston,
in turn, after taking up the clearance a, displaces th: outlet valve
4 and, through a special needle, opens the inlet valve 5. Alr irom
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Figure 10.1.
valve.

1- plunger;
Piston;
inlet valvr.

The reduced pressure created in the brake system acts on the
effective area of the piston 3, compresses the spring 2, and balances
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Schematic of

pneumatic reduction valve.

the high pressure system (usually
from a bottle) flows into the

brake system through the fitting

6, open inlet valve 5, and

the Titting 7.

the load applied to the plunger 1, as a result of which the piston
roves upward and the inlet valve closes.

In the equilibrium piston, the valves 5 and 4§ are closed.

With reduction of the force on the vlunger, the equilibrium

is disrupted, the differential force moves the piston 3 upward, and

the outlet valve 4 bottoms on the nut and opens.

The excess

Lressure (with account for tue new load on the plunger 1) is

bled to the atmosphere.

Static unalystis o, pneumatiec reduction valve.
e following quantities (Figure 10.2):

for the anal

ysils are

The basic data
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Nmax is the maximal load on valve plunger; Ymax is the

maximal valve plunger travel; Py is the pressure supplied to the

valve; is the maximal reduced pressure; <t is the allow-

Pb max
able brake application time; 11 is the allowable brake release time;

Gmax is the maximal valve dead zone; AYmax is the maximal valve

travel ‘*nsensitivity; D is the piston diameter; Fp is the piston
area; F2 is the minimal inlet valve flow area; Fl is the minimal
outlet valve flow area; 46, is the outlet valve opening; d1 is

the outlet valve seat diameter; d2 is the inlet valve seat diameter;
d3 is the plunger diameter; I,, N2, and NI are the return spring

pretension forces; and Tp is the piston friction force.

The inlet velve flow area F, can be found from the following

2
formula, obtained on the basis of (8.4) and (8.13):

Vpb max

Fy=
aCtapS

(10.1)

where V is the volume being filied

= V‘g—nﬁ ‘/ (uil)*:

The outlet valve flow area F1 is determined on the basis of
(8._,) as follows

14 p
= 1 b max
Fa aCe, Py (10.2)

under the condition that the assumed brake release pressure Py >

pcr = 1.65 — 1.9 kG/cmz. Assuming that

and
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we have

a=VE, a4y, s (10.3)
= 4 E

(d3 is selected directly in the design).

The inle’. and outlet passage flow arecas must be at least three
times the valu. areas F1 and Fz’

The spring pretensions are selected with account for the
constructional characteristics and may vary over fairly large ranges

=
"

(2 — 5) kG;

=
[}

=
n

(0.5 — 1.5) kG.

After selecting Hl, H2, and H3, we determine the maxinal plunger /15°

travel Ymax’ which must not exceed the specified magnitude.

Since the value dead zone must not exceed 25% of the total

travel, we have Gmax = 0.25 Ymax

ada

”’+"'+”’+DST+ T

5-n=bl+
. cI"S

where Chs is the reductlon spring stiffness. But siice

CI’S = %3'
then
a...,—o‘+-—-(zn+p 1‘5+ T )
or
025Ymas = 8 + _“czﬂ+ P, —f—+ Tp)-j'
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hence,

It is obvious that, for normal valve operation, it is necessary

that
o )
Nm>4(2ﬂ+ps —4—+ Tp . (10.4,
The effective piston area is found from the formula
Poo Nmax - Tp - I
b
p Py max
where
EN=mM+m+0, (10.5)

Differential

Differentials are used in tricycle landing gear brake systems
to permit braking of the left and right gear wheels with ditferent
braking moments, which 1s necessary in order tc perform turns while
taxiing.

The differential is » dual reductior valve which makes it
possible to reduce the pr=ssure in the wheels of one gear leg while
maintaining the pressure in the wheels of the other leg. The con-
struction of the most widely used differential is shown in Figure
10.3.

The pistons 3 move freely in the sleeves 2 whicl are stationary
in the differential body 6. The outlet valve 1 is spring loaded
against the piston seat. The pressure supplied to fittins A passes
freely to the brakes through the fitting B with the pistons tight
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against the rocker arm 5. In
the neutral position of the
lever 4 and the spring-loaded
coupling rod@ 7, the pressure

flows freely to the brakes of
both wheels.

When the spring-loaded
coupling rod 7 moves up or down,
the lever 4 deflects through
some angle a at which no change

1y -
230NNl

B e
CAIRRIANAIL

cf the brake pressure takes

7 L lace. This angle determines

the dead zone 6. Further up or
down deflection of the rod 7
causes the appearance of an

additional moment on the rocker

Figure 10.3. Brake system arm 5 relative to the axls of

differential.
1- outlet valve; 2- sleeve; rotation 0. 1In this case, the
3- piston; U4- lever; 5- brzke p ssure changes because

ggg;?r ?fm;prgggdigggggntial of the fact that with rotation
;]

coupling rod. of the rocker arm 5 in the ~lock-
wise direction, the left piston

3 moves up, the valve 1 is forced against the seat of the sleeve 2

and isolates the left brake chamber from the brake line. The piston

3 moves away from the valve 1 and the pressure in the brake decreases

until equilibrium of the forces acting on the spring loaded coupling

rod 7 is reached.

The differential dimensicns 4are determined by sta*ic analysis.
The data necessary for the calculation are the following:

is the maximal brake pressure; N is the maximal /157

pb max max —_——

spring loaded coupling force; X is the mavimal spring loaded

max
coupiing rod deflection; and tv is the minimal time for brake release
through the differential.
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The outlet flow area when releasing the brakes through the
differential is found from (10.2) and (10.3).

For rod deflection (down, for example) by the distance X, we
have

ile X plF 1 - szpZ (10.6)

p

or

iLe X FpZ(pl - p2), (10.7)

where L and 1 are the unit linear dimensions (arms); Fp is the
piston area; P, and p, are the pressures in the left and right
brakes; . is the spring loaded coupling rod stiffness; and i 1s

the gear ratio. We see from (10.7) that

=X,
where
Ap = py—px
- iLcC . - Nmax
Fpl c Xmax

Thus, the pressure differential in the brakes is proportiocnal
to the rod displacement.

For full rod deflection

APmax = KX pax. (10.8)
Electromagnetic Brake Release Valve
The electromagnetic valve reduces the brake pressurc when the

wheel starts skidding. Various valve constructions are used, but

the servo-action valve (Figure 10.4) irs most common.
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Figure 10.4. Electromagnetic brake release valve.
1- armature; 2, 4- valves; 3- spring; 5- guide.

In the absence of wheel skidding, the valve connects the brake
chamber with the reduced brake pressure line. The alr flows freely
from the reduction valve to the brake through fitting C, slots in
the armature 1, guide 5, and fitting D. 1In this case, the pressure
in _.he chamber B is equal to the pressure in chamber A and the main
va.ve U4 is forced against the seat cf fitting D by the spring 3 of
th: control valve 2 and by the air pressure.

When an electrical pulse for brake release is transmitted, as
the wheels start skidding, the electromagnet displaces the armature
1, which, after traveling the distance a, closes the inlet valve
and blocks air entry into the brakes. At the same time, the
armature 1 displaces the valve 2 to the left, isolates chamber B
from chamber A, and connects chamber B with the atmosphere (valve 2
displaces along the guide 5 with small ~2learance). As a result of
the resulting pressure differential, the valve 4 will shift to the
left and connect the brake chamber with the atmosphere.

All the electromagnetic valve flow areas are calculated using
the formulas obtained above to 2nsure minimal losses as the ailr
flows through the valve, after which a static analysis is made of
the electromagnet and servovalve spring forces.
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Shuttle Valve

The shuttle valve is used to supply a user service from two
systems. Usually, the valve spring hclds the shuttle in the
position in which the brakes are connected to the primary system.

In case of primary system failure, the pilot activates the emergency
system and the shuttle valve 1s displaced by the pressure in the
emergency system, thus switching the brake line from the primary

to the emergency system.

2. Hydraulic Brake System Components

The following basic components are used in the direet acting
hydraulic brake systems: main system reduction valve, emergency
system reduction valve, hydraulic fuse, shuttle valve, and
electromagnetic brake release valve.

Main Brake System Reduction Valve

The reduction valve is the primary component which determines
the reliability and effectiveness of the system as a whol-:.
Therefore, the valve must be sufficiently sensitive, vibration
resistant, and reliable in operation, and have a nearly linear

static characteristic.

Both direct acting and servo-action brake reduction valves may

be encountered in component design practice.

The direct & ing valve shown in Figure 10.5 is most widely
used at the present time.

The valve operates as follows. As the pilot depresses the
brake pedal, the cup 1 displaces and, in turn, through the spring 2,
displaces the plunger 3 with the outlet valve 5. The outlet valve
spring U4 is thus compressed. The outlet valve & travels 2 — 2.5 mm,
displaces the sleeve 6 and, as 1t reaches the spool 7, isolates the
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brake system from the return
line, nonnected with fitting C.
With further pedal movement,

the spool 7 displaces along with
the inlet valve, made in the

form of a cone on the spool.

The fluid enters the brake system
from the high pressure line
through fitting A, inlet valve,
and fitting B.

: Upon termination of further
%4 movement of the cup 1, the brake
system pressure will increase
until the fluid pressure force

on the valve 5 compresses the

RS
. 2

spring 2 and the spool 7,under

-~

the influence of the spring 8,
bottcins on the sleeve and cuts
off fluid entry into the brake
system. Upon pressure reduction,
the spring 2 again displaces the
spool 7 and a quite definite
pressure corresponding to the
position of the cup 1 will be
maintained in the system.

Figure 10.5. Direct acting

hydraulic reduction valve. With reverse movament of

1- cup; 2- spring; 3- plunger;
4- outlet valve spring; 65-
outlet valve; 6- sleeve; T7- opens and fluid will Tlow from
spool; 8- spring; G- damper
cup.

the cup 1, the outlet valve 5

the brake system in‘o the return

line through *he fitting C, /160
reducing tle brake system pressure. A one-way damper 1is installed

on the spcol 7 to improve valve dynamic stability. 1In addition,

fluid entry at the beginning of spool 7 travel is accomplished

through specially profiled slots, also provision 1s made for

throttling the working fluid at the beginning of outlet valve travel

by introducing a special sleeve 6 located in the spool 7.
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The flow section areas of

freax &
the spool 7 and the outlet valve
- and also the nature of the vari-
ation of these areas as a function
. of travel must be calculated and
wl ! selected for each system separately.
l’,—_j . f_eiurn
; Sensitivity and linearity
h L dpu,p of the valve static characteristic
i requires the use of high accuracy
§ | and also high surface finish of
) % the detall parts, particularly
ﬂe the slide valve pair.

4|
LJJ Static valve analysis. The
basic deslgn data are: Pg is

Figure 10.6. Idealization of

hydraulic reduction valve. the system pressure; p ik

b max
the maximal brake pressure;

Ap1 — is the maximal valve resistance with average fluld flowrate

during brake application; i1s the maximal valve resistance

Ap2 max
with average fluid flowrate during brake release; Ql is the average

fluid flowrate during brake application, Q2 is the average fluid

flowrate during brake release; Nmax is the maximal force on the

valve stem; Y is the maximal plunger travel; Y'ma is the maximal

max X

valve plunger dead zone; and AYma is the maximal plunger travel

x
insensitivity.

An idealized hydraulic reduction valve schematic 1is shown 1n
Figure 10.6.

The equation of spool equilibrium with account for the friction
and spring pretension forces has the form:

Naar = Py, nay -’:—f+P.+P,+1‘,m+1',m. (12.9)
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where P1 1s the pretension force of spring 1; Py is the pretension /161

force of spring 2; T is the maximal friction force of slide

1 max

valve pair 3; T is the maximal filction force of outlet valve

2 max
unit; d is the slid valve palr diameter; d1 is the damper diameter;

and d2 is the damping orifice diameter.

The following condition must be satisfied for quick return of
the spool to the initlal position

Pz=(2—3)1'1m;}

Py = (1,5—2)T; gz (10.10)
The friction force can be calculated from the formula:
_ b
n=tglh (10.11)

where T1 is the friction force; k 1s the coefficient of slide valve

pair friction, equal to 0.04 — 0.06; Ap is the pressure differential;
and 7 iIs the length of lapped part of slide valve pair.

The friction force T2 is determined basically by seal friction

and may be taken as 1.5 — 2 kG.

Substituting the values of Pl’ Py, Tl’ and T, into (10.9) and

replacing varlables, we obtain

a4+ bd—C =0, (10.12)
where
a=P ..“..
‘ b max re
Thus
bn(3—4)k£2’¥l,'

4

€= — Nmax + (25 = 3) T3 sas;

183



then

_Y¥+4ac—b

d
C 2 :

The reduction spring stiffness:
Nupax -
c = ——-—-.m. (10-13)

From the known stiffness and load values, we find the reduction
spring dimensions.

The maximal spool flow section inlet (F ) and outlet

1 max

(F ) areas are determined on the basis of the acceptable resis-

2 max
tance for the average fluid flowrate during brake application and
release.

The average fluid flowrate during brake application can be
determined with account for the allowable brake application time
(no more than 1.5 seconds) from the empirical formula:

QL 1~ 75 Vmax liters/minute, (10.14)

where Vmax is the maximal fluid volume in liters requirec by the

wheel brakes during a single brake application.
The maximal spool inlet flow section a:ea

Q
F = L1 mme , (10.15)

1 max 0.663 /K °p,

where k1 = 0.15 — 0.25 1s a coeffictenl accounting for the 1luid

pressure losses 1n the slide valve pair ports.

The average fluid flowrate during brake release is usually
equal to the average flowrate during brake application, i.e.,

Q - = 9 ;-
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The maximal spool outlet flow section area

Q
F, may = L e mm2 (10.16)

0.063 /kz-pS

where k2 = 0.05 — 0.15 is a coefficient accounting for the pressure

losses during brake release.

The valve spool travel 1s taken in the limits of 0.1 — 0.15
of the plunger travel

2 aax = (0,1 = 0,15) Ymmax. (10.17)

The valve cdead zone Y' is determined vy the travel and the
spring pretension forces Pl and P2, where

or
rs

In order to reduce the valve dead zone, the pretension of the
spring 2 1s selected so as tc eliminate the influence of springs
4 and 8 (see Figure 10.5).

The valve travel insensitivity is found from the formula

/16
T (10.20)
AY-.‘ =—“:£'
rs
where AYmax i1s the maximal insensitivity; Tmax is the m <¢imal overall

frictlon force of all tne valve moving elements; and ‘rs *s the

reduction spring stiffness.



Valve dynamio analyeie. The most important valve characteristic
s its dynamic stabllity. The primary cause of instability is the
presence of hydrodynamic forces acting on the spool 3 during brake
application or release. Loss of va're stability causes fluid flow
from the high pressure chamber into the return and pressure pulsa-
tion, which may lead to fallure of the valve, tubing, and other
brake system components.

Stabllity analysis of the reduction valve can be reduccd to
stability analysis of the "valve brake" system an. :termination
of the initial slide valve characteristics and valive damper
characteristics.

For “he analysis, we formulate the system of equations
consisting of the flowrate equation and the regulator equation.

Flowrate equation. The instantaneous fluld flowrate through
the slide valve during brake application (or release) can be
expressed by the formula

Q1 = AFy(x)YAp, (10 21)
where
‘ A= kf .3.‘; ,
by
kf is the flowrate coefficlent: y is the speciiic welght of the

fluid; Ap 1is the pressure differential in the valve (across the
spool); Fl 1s the valve inlet flow section area; and x is the
spool displacement coordinate.

For & chort time interval, #e take Ap = const, then

QL 1 =: §F(x), (10.22)

where —
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Taking the function Fl(x) to be linear, we obtain
Fy(x) = kx,

where k = tg a is the spool travel characteristic. Then the flowr:te
equation takes the form:

U 1 =k
b Ba. . (10.23)

For symmetric spool inflow and outflow characteristics, we have /154

QL1 = 9 o = kyx. (10.24)

The pressure variation in the system for the flowrate QL 1 is
defined by the equation

-
cs 2 (10.25)

where Cg is the system stiffness coefficient; dp/dr is the rate of

pressure change in the system

dl 1 vs

CS = FZZZ%——E + E—) + E— H (10.26)
l 1 1

where FZ is the line area; ZZ is the line length; dZ is the line
diameter; 6Z is the line wall thickness; E1 is the elastic modulus

of the working fluid; E is the elastic modulus of the line material;
and Vs is the overall volume of the line and brake.

From (10.24) and (10.25), we have
dp
Cg -?t-h.g (10.27)

This is the controlled object (brake) equation.
Ql\%
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Regulator equation. In order to formulate the spool equation
of motion, we examine the forces acting on it.

In the transient regime, the following forces act on the spool.

Spool inertia force:

}5=¥;euidqbﬁ_‘
N (10.28)
where m is the equivalent mass.
Viscous rriction force
?’g;'%'f.. (10.29)

where h is the spool damping coefficient (determined experimentally).

Reduction spring force

Py = (Y—1X). (10.30)
Return spring force
o —ak, (10.31)
where ¢, is the equivalent stiffness.
Fluid pressure force on the valve
Py=—~F p, (10.32)

where Fv is the valve area; p is the fluid pressure in the brake.

Hydrodynamic (reactive) force
Py= .—'C’x, (10.33)
where

€y == Qkfk Apcos$, (10.34)
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and kf is the flowrate coefficient; k is the spool travel charac-

teresitic; Ap is the pressure differential across the spool; 6 = 69°
is the reactive force direction angle 69°.

Without account for the friction forces, the spool equation of
motion takes the form

ar=mXiaX+(Ga+ataX+ Fp

(10.35)
or
mX +AX +(c+c+c)X=—F ptal. (10.36)
We introduce the notations
= &
F=———; T=c—————'
atate atate (10.37)
=0 . - V.
at+ata ' T8 atata !
and obtain
P4 TX X =— KpogP +eT, (10.38)
where T1 and T are time constants, and kreg is the regulator
coefficlent.

System equation.

The system equation is formulated on the basis
of the regulator and flowrate equations:

dp

o WM
(10.39)
&*X ax
1‘-—4‘.+Tnz+x=— KpegP +cl.
Converting to the operator form, we have
. 10.40)
(PR +TA+ DX =—k__ ptel,
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where

o 4.
b= A&

Excluding X from (10.40), we obtain /166
k(T4 TA 4+ 1)p+ kregp=cY; (10.41)

2 —
PleA (T2 4+ Tid+ 1)+ kreg] =cY. (10.42)

The characteristic equation will have the form

RT3 + ksTiA2 + ko + kreg =0 (10.43)

The system stability conditions are
BP>0, bIi>0 >0 k.. >0

2. k.r’ } (10.4“)
k;T|>kre T kreg<—1—,—‘.

The Vyshnegradskiy criteria are convenient for determining the
form of the transient process in the present case.

The diagram (Figure 10.7)

2 '
J T T 1A Er shows, in the coordinates,
‘h = 11
. . k ‘e N e
YETy ol 2
3 Fim reg reg
-
2 - the zones I — III in which spool
.’ operation is stable. The spool
instability* — travel characteristic as a func-
lione 1l ! [
0 i 2 7 ¢ 5 A tion of time is shown in each
zone.

Figure 10.7. System stability

diagram. If the system 1s found to

be unstable in the analysis,
we change the damping coerificlent and the valve characteristic
(making the curve flatter, in this case k = tg a decreases), then
a new analysis is made.
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Figure 10.8. Hydraulic fuse construction.

1- rod; 2- shuttle valve; 3- sleeve; U- spring; 5, 6- valves;
T- restrictor; 8- spring; 9- seat; 10- lever.

Emergency System Reduction Valve

The construction of the emergency braking system reduction
valve is the same as that of the maln system reduction valve.
Usually the emergency valve plunger has shorter travel. The valves
for braking of both bogies are combined into a single housing in
order to simplify installation. The valve analysis procedure is the
same.

Hydraulic Fuse

The hydraulic fuse or flow limiter is a hydraulic component
which passes a definite amount of fluid, after which it blocks off
the line. It finds wide application Iin aircraft hydraulic systems
as one of the most important protective components.

The hydraulic fuse works as follows. Fluld irom the line down-
stream of the reduction valve enters fltting A and then chamber C
and simultaneously flows through the fuse rectrictor into chamber B
under the fuse cutoff valve 6 (Figure 10.8). 'Tne primary fluid
flow passes through the ports D, forces che valve 5 to the extreme
left position, and after passing thrcugh the ports E enters the
chamber F, then flows through the annular port of the seat 9 into

191

~
=
N
)



the line through the outlet fitting G. At the same time, the
other (signal) part of the flow passes through the restrictor 7
and displaces the valve 6 to the extreme left position. The ports
D will now be blocked and the primary fluid flow terminates.

The hydraulic fuse is designed so that, during normal operation, /168
the valve 6 will not travel all the way to the stop during the time
of fluld flow. As soon as the braking operation is performed and
fluid flow in the line terminates, the valves 6 and 5 again take
the initial position under the influence of the spring 4.

If a line breaks or a brake falls downstream of the hydraulic
fuse, the valve 6 reaches the seat in the sleeve 3 and blocks the
line.

The pressure differential acting on the entire area of the
sleeve 3 displaces it to the left by the distance X, compressing
the spring 8. In this case, the shuttle valve 2 closes. The toggle
lever 10 holds the valve in the closed position after pre sure
reduction in the brake line. This 1s necessary to avoid fluid loss
during further braking. In this case, the valve 1is returned to the
initial position manually by means of the rod 1.

Hydraulice fuse analysis. The basic data are: QL is the nominal
fluid flowrate in the system; QL min is the minimal fluid flowrate
in the system; Ap is the pressure losses in the hydraulic fuse; and

va is the meteriny volume.

The basic hydraulic fuse geometric dimensions are determined
by calculation: flow section area Fl in the ports D through which

the primary flow passes, flow section area F2 through which the

signal flow passes, valve diameter D, and travel L of the valve 2.
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The overall fluid flowrate through the hydraulic fuse is made
of the fluid flowrate QL 1 through section F1 and the flowrate QL >

through section F2:

QL = QL 1 + QL 2° (10.“6)
but
Then
Q, = AF\YAp + AFyVRp = A(Fi+ Fs)YAp = AFeYBo.
Hence
Q
Fom —,
AVAp
where

Fo=F,+Fs, Ap=P—p»

For constant differential Ap during the time At, the amount of
fluid passing through the hydraulic fuse is

va = V‘,+V&_ (10.47)
where
Vi= Q A% (10.48)
Vsi= Qp 5 Ax;
(10.48)
va = QL At
Then
\'J v \'s
Ap= DV _ 1 _ 2 (10.49)
9,
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whence

but

. (10.50)
va ¥Pi—pa2 va

We introduce the relation
‘V,=b.va (10.51)

From design experience, we take k = (0.012 — 0.018) for fuses
with V__ = 200 — 1000 cm>. Then

Vi =200--1000 cael.

=2

and taking L = le, where kl =1.2 — 1.5, we obtain

%
2/ 4

= —V

L

or
Y
D= Nkav
. (10.52)
- byx

The section area Fl is found as the difference

.F‘=F.-'F‘.- (10.53)

For precise operation of the fuse, 1t 1s necessary that the
minimal actuating force acting on the valve be at least twice the

friction force, i.e.,
Nuw > 21, (10.54)

where

Q
aD3 aD* { L min
N-__‘_.Ap_,.T( ——-——QL YAp; (10.55)
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T=I7AraaDL (10.56)

for

Shuttle Valve

Shuttle valves are used in brake systems to switch the brake
supply from the primary system to the emergency system and back.
The basic requirements imposed on shuttle valves are reliability,
hermeticity, and absence of cross flow from system to system during
switching.

Valve design reduces basically to calculation of the flow areas
and spring forces. The valve resistance should not exceed 2 — 3%

of the maximal braking pressure for the average flowrate QL av’

The calculation 1s made by the usual formulas for determining local

resistances
F = QL av
— Y
vV 0.663/8p
2

where Fv is the valve port area in mm ; QL av is the average flow-

rate in liters per minute; and Ap is the pressure drop in the valve
in kG/cme.

The shuttle switching pressure is taken in the range of 2 — 4%
of the maximal braking pressure.

Electromagnetic Brake Release Valve
The construction of the elctromagnetic brake release valve is
similar v» that of the conventlonal two-position electromagnetic

valve. An important specific requirement on the brake release valve
is minimal actuating time (no more than 0.03 seconds). Valve design
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reduces to calculating the flow section areas and the spring and
electromagnet forces. The flow section areas are calculated ty the
usual formulas for local resistances.

3. Remote Control Brake System Components

The functional diagrams and analysis of the remote control
system reduction valves do not differ from those described above;
however, these systems impose some specific requirements on the
component configurations and construction.

Pneumatic Reduction Valve with Pneumatic Control

The controlling pressure is supplied to the valve fitting A
(Figure 10.9) from the conventional reduction valve located in the

~
.—‘
-~
H

cockpit. The pressure force 1is transmitted through the sylphon 1

to the piston 2 and then to the system of outlet 3 and inlet !
valves. Pressure from the supply line is supplied through fi.ting

B and reduced pressure is transmitted to the brake system taroeugh
fitting C. The chamber beneath the bellows is open t£o the atmosphere
through fitting D. The reduced pressure a ting on the pision 2
balances the force from the controlling pressure action on the
sylphon effective area.

196



A

control

pressure

to
-]
atmosphere

DL

Figure 10.9. Pneumatlc

1- sylphon; 2- piston;

i chamber

input -
B‘pressure

reduction valve with remote

3- outlet valve;

control:

b- inlet wvalve.

Without account for the friction force, spring stiffness, and

sylphon hysteresis, we can write the relation:

=pF

B
pb”p ¢’ sy

or
Py = pc<FS/Fp),

where pc is the controlling pressure; p

™

8y

b

(10.57)

(10.58)

i1s the brake system pressure;

tive piston area; D 1s the pist. . dlameter; and d is the outlet

valve sea’! 1lameter.
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The theoreticali relation

EMI
II
P

ey fie)
tplhlele] Py = f(p.) is linear. With
sealed comnector ¢
Y ; amber account for the influence of
FBP EMI :

friction, sylphon hysteresis,
and spring stiffness, the actual

.EMIII : 11 valve characteristic differs
chambert ‘ o
passagep considerably from the t..eoretical
tank ﬂ relation.
pressure
-— rs ur!%égxre In analyzing the remote
tem
sys.' e &5k system, the control valve and
S, +hV . tne actuating valve insensitivi-

ties must be summed.

cp

Hydraulic reduction valves
with remote hydraulic or pneu-

matic control from reduction

control valves can be construct.
Figure 10.10. Electrohydraulic using the same scheme.
redurtion valve.

Reduction Valves with Electromagnetic Control

Hydraulic and pneumatic reduction valves with electromagnetic
control are of considerable interest. When such valves are used,
the cockpit 1s free of plumbing lines and the braking system 1esponse
speed improves considerably.

Three-Stage Reduction Valve

The basic characteristic of three-stage reduction valve
nperation (see Figure 9.9) i1s the possibility of creating three
pressure stages in the system. When the first magnet 1s energized,
the pressure in the system is P;s when the second is ~2nergized, the

pressure 1is Pss and simultaneous energization .1r both magnhets
provides a pressure p3. The absence of smooth output pressure vari-

ation is a drawback of this valve in certailn cases.
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The electrohydraulic
' reduction valve shown in Figure
' 10.10 is more advanced. The
valve 1s a pressure reaucer
with hydraulic drive which is
controlled by an electrical

- 3
§ § \\\\\\\\\ N

'3
\\‘ \
\\\\\ R \\\\\ |

\\\\\\\\\\\

rressure brake‘ return
u:nsupplv g=greturn

br. ge circult whose resistances
are the control potentiometer
(CP) and feedback potentiometer
(FBP). 1In the bridge diagonal,
there is connected the coil of

-bBrr:kses tre mlforzezsls: re the polarized relay (PR), which
P'.2gsure. - Pressure sends signals to the electro-
Figure 10.11. Valve with magnets EMI and EMII of the slide
continuous reduced pressure valve which controls the hydraul.c
regulation.

actuator piston. The electro-
1- clectromechanical transformer; X
2- flapper; 3, U, 5, 8- springs; magnet EMII1 is provided for

6- piston; T7- cylinder; 9- brake release if the electrica_
nozzle. circult power supply fails; if
EMIII releases, the hydraulic

actuator piston chamber ° connected to the return line.

Just au the conventlonal direct a:ting reduction valve, the
valve described here has some irregularity of the output pressure /173
dependence on brake pedal travel. This irregularity is determined
by the insensitivity of the regulator itself and also by the
insensitivity of the polarized relay PR which controls the electro-
magnets EMI and EMII.

Valve with Contlnuous Reduced Pressure Regulation

The improvement in brake systems with the objective of automating
the process of brake pressure regulation as a function of wheel
traction force with the runway has led to the necersity for creating
a valve which provides continuous regulation of the output pressure
and has high operating speed. Such valves can be constructed only
with the use of a signal transformer and a device of the "nozzle
fiapper" type.
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One version of this valve type, shown in Figure 10.11, makes
it possible to obtain reduced brake pressure which depends on the
magnitude of the current applied to the transformer and has high
response speed; however, it requires supply voltage stabilization.
When the controlling current is applied to the electromechanical
transformer 1, an electromagnetic moment is created which displaces
the flapper 2 toward the nozzle 9, reducing the gap S. With reduc-
tion of the gap S, the fluid pressure in the nozzle and in the spool
chamber C increases. Under tne influence of this pressure, the
spool overcomes the force of the spring 4 and shifts to the right,
connecting the "pressure" chamber with the "brake" chamber. As the
pressure in the "brake" chamber increases, the pressure in the
cylinder 7 increases and the piston 6 moves to the right, reducing
the force in the tension spring 8. Under the influence of the
difference of the spring 3 and 8 forces, the flapper moves away
from the nozzle. With increase of the gap S, the fluld prescure in
the nozzle and in the spcol chamber C decreases. Under the influ-
ence of the spring, the spool shifts to the left, and when the flapper
reaches the neutral position, blocks the "brake" chamber. A pressure
proportional to the controlling current is established in the "brak:"
chamber. With reduction of the controlling current, the electromag-
netic moment acting on the flapper decreases, the gap S increases,
and the fluid pressure in the nozzle and in the spool chamber C
decreases. The spool moves to the left and connects the "brake"
chamber with the return line. The pressure in tne "brake" chamber
and in the cylinder 7 decreases. Under the influence of the spring
5, the piston 6 moves to the left and stretches the spring 8. Under
the influence of the difference of the forces of the springs 8 and
3, the flapper moves toward the nozzle, and the fluid pressure in
the nozzle and in the spool chamber C increases. The spc-1 moves
to the right and isclates the "brake" chamber from the return line.

A pressure proportional to the given controlling current is
established in the "brake" chamber.
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CHAPTER 11

AIRCRAFT BRAKE COOLING AND TIRE PRESSURE REGULATION SYSTEMS

1. Brake and Wheel Cooling Techniques

One of the basic characteristics of the aircraft wheel brake
is 1ts energy absorption capacity. Usually, the brake 1s designed
to absorb the energy during a single landing. In this case, the
temperature of the wheel and brake parts must not exceed a limiting
value determined by the wheel drum and tire material strength.
Usually the temperature at the point of tire contact with the wheel
does not exceed 125° C.

However, in the case of long taxl distances with heavy braking
or when making landings with short time intervals between them,
overheating and failure of the tires, brakes, and wheels may take
place.

The tires are the most vulrerable wheel system component;
therefore, various measures are -aken to avoid overheating them.
Increase of the brake mass reduces its specific characteristics
and natural cooling becomes slowel’, which reduces airplane mobility.

Natural cooling depends significantly on wheel and brake
construction. Fast cooling requires free flow of cold air to the
brake stack. Sealing of the wheels, installations of mud protection
panels, and also compact configuration of the wheel components
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Figure 11.2. Temperature
variation of air-cooled brake
when performing sequential
Figure 11.1. Boeing 727 braked landings.

wheel with air fan.

degrade the natural cooling conditions. For most unsealed wheels,
the natural cooling time varies in the 1.5 — 2 hour range; with
the installation of mud protection panels, the time is in the

2.5 — 3 hour range; and for the completely sealed wheels — in

the 3 — 4 hour range.

The use of ailr fans to accelerate brazke and wheel cooling has
recently been initiated.

Figure 11.1 shows a Boeing 727 braked wheel equipped with an
air fan. The fan 1s driven by an electric motor located in the
wheel axle. The cool air 1s drawn from outside by the fan, flows
through the annular gap between the brake and the wheel drum, and
also between the individual brake components and the axle. The air
flow creates a sort of curtaln between the brake and the wheel drum,
protecting the tire against overheating.

Figure 11.2 shows the Boeing 727 brake temperature variation
when performing scheduled flights of short duration. The solid
line shows the temperature variation when using the cooling system
and the dashed line is withrut the cooling system. We see from the
figure that eight landings were made in the course of nine hours.
In every landing, the mass average disc temperature of the brake
with operating cooling system did not exceed 450° C, and the fan
caused more rapid brake disc temperature reduction after braking.
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During the first four flights (with the fan operating in flight),

the brake temperature decreased markedly and prior to landing was
about 94° C. During the remaining flights (shorter duration flights),
the brake disc temperature decreased to 205° C. In the absence of
the cooling system, there was gradual heat accumulation, which led

to increase of the brake temperature after each landing. When
performing the fourth landing, the brake (and, consequently,

wheel drum) temperature reached the critical value, the fusible plug
melted, and tire pressure was lost.

Air cooling systems have recently become very widely used in
civil aviation airplanes. However, use of the cooling system with
a fan built into the axle is possible only if there 1is adequate
space in both the wheel axle and the wheel itself. Mobile ground- /177
based cooling systems are used when the wheel is small and it 1s not
possible to install a fan.

The air cooling system with a fan cannot provide any p=actical
brake energy absorption capacity increase, since the fan cannot
provide any practical reduction of the heat sink ter .rzture during
the braking process, which only lasts 15 — 20 seconas. Only
liquid cooling systems can increase the brake energy absorptiocn
capacity and also reduce the wheel cemperature regime. All the
various cooling schemes and their hardware implementations can be
divided into two groups.

The first group includes the liquid couling schemes in which
the heat released during braking warms a coolant which circulates
continuously in the cooling system (Figure 11.3). The warmed
coolant 1iIs cooled in a special cooler 2 ard again enters the brake.
Such systems are closed with forced coolant circulation provided
by the pump 1. Design-wise, this scheme is most simply realized /178
for the expander tahe brakes, since the heat sink (brake lining)
is mounted rigidly on the wheel.
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However, we note that,
because of their considerable
welght, systems of this kind
cannot improve brake specific
energy absorption capacity.
Therefore, they are used only

as systems which reduce the
temperature regime of the wheel

Figire 11.3. Schematic of and its elements in order to
for :ed brake cooling system

usi 1g eirculating coolant. increase airplane utilization.

1- pump; 2- cooler.

The second group includes
the liquid cooling systems in which cooling of the brake and the
wheel elements is accomplished by vaporizing the cooling liquid
supplied to the brake. The 1liquid may be supplied either in the
dispersed state or in the form of a solid jet. Water or a mixture
¢f water and alcohol is most often used as the cooling liquid.

The advantage of such systems 1s the possibility of increasing the
k rake energy absorption capacity ty vaporizing the water (or other
cooling liquid}, which absorbs a considerable amount of heat.

However, it is impossible in practice to create conditions

with brake cooling rate equal to the rate of heat release. Therefore,

the existii g vaporizing type liquid cooling systems remove from the
brak2 snly part «f the heat (20 — 30%). However, even in this case,
a gain is obt-’ned in both brake welight and size.

An _vaporative type disc brake cooling system is shown in
Figur~ 11.4. During airplane landing at the moment of brake
apr.ication, the pilot depresses the brake reduction valve 6 and

.tuates the eleztrical switch 7 which energizes the relay 4 which
then zpplies electrical pulses of definite duratinn to the valve 2.
At the moaent of actuation of the valve 2, water under pressure
flows from the tank 3 through the valve 2 into the spray manifold 1.
A*r under the same pressure enters the spray manifold along with
the water. As the water ieaves the spray manifold orifice, it is
atomized by the air. As the water strikes the friction surface, it
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_; transforms into steam and cools
' the brake and the wheel drum.
Such systems have inade it

'°"71 possible to increase the brake
su y

‘\t?—p;?ssure energy absorption capacity by
brake 4 . 15 — 20% without increasing

brake size and welght, reduce
_ wheel temperatures, and permit
L successive takeoffs and landings
with very small time intervals
between landings when using
heavy braking. Figure 11.5
shows the brake element and

{

Figure 11.4. Vaporizing type

cooling system for disc brake. wheel temperature variation with

1- spray manifold; 2- electro- and without the cooling system.
>

magnetic valve; 3- tank; 4- The solid lines show the
pulsed relay; 5- pneumatic
accumulator; 6- reduction valve; uncooled brake and the dashed
T- electrical switch. lines — the brake with the

liquid cooling system.

This cooling system can be installed on any disc brake without
significant modification of the latter.

When designiig liquid cooled brakes, it 1is necessary to consider
that the brake must withstand one-time absorption of all the kinetic /179

energy in case of cooling system failure.

The welght of the brake heat absorbing elements is determined
on the basis of the emergency braking condition (case of cooling
system failure). 1In this case, the heat sink bulk temperature can
be taken equal to = 800° C.

Let us calculate the taslc parameters for an example case.
We find the heat absorber weight from the emergency braking
condition
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where Ab is the total kinetic

energy absorbed by the brake

during emergency braking; a is
the mechanical equivalent of

heat; cp is the mean specific

.—— heat of the heat absorber
- ™ Tt .
- . - materials; tmax is the maximal
Figure 1..5. Brake element mass average heat absorber

and wheel temperature variation

after braking. is the

temperature; and ti

initial heat absorber temperature.

- = o
We take t . - t; 800° C.
Specifying the heat absorber temperature during braking with
the cooling system operating, we find the energy golng to heat the
heat absorber

= ac G _(t - ti)’
where G is the heat absorber weight, found from the emergency

ha
braking condition; and tw is the heat absorber working temperature

equal to 350 — 450° C (we take tw - t, = U400° C). Then we find /180

i
the part of the energy which, after being transformed into heat,
goes to vaporize the cooling liquid

A"

= A - A

b b b
where A'b is the energy going to heat the heat absorber with the

cooling system working.

Knowing A" and the total heat of vaporization of the cooling

b
liquid, we find the amount of cooling liquid in the ideal case (i.e.,
with 100% vaporization)

11}
Ay

G 2T —m—,
cool aIcool
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where Icool is the total heat of vaporization.

Under actual conditions,

n
a Ab

G = Q -
cool aIcool ’

wnere a is a coefficient accounting for incomplete liquia
vaporizability (a = 1.3 — 1.5).

After determining the amount of cooling liquid required for
brake cooling under actual conditions and knowing the braking time,
we calculate the cooling liquld weight flowrate

a
cool

T ’

where Tt is the braking time.

Then, depending on the brake design, we determine the most
rational places for installation of the nozzles which spray the
cooling liquid. After determining the nozzle location and number,
we calculate the flow area

Q
1
fo = cool.
E nAYAp )
where f¢ is the flow section area of a single nozzle; n is the number
of nozzles; A is the effective flowrate coefficient for cooling

liquid (or mixture) discharge; and Ap is the pressure differential
across the nozzles.

2. Tire Pressure Regulation Systems

The need to operate alrplanes on airfields with different soil
strengths has led to the necessity for using tire pressure regulation
systems. These systems, which vary the tire pressure within definite Ll§;
limits, Increase the area of wheel contact with the ground and reduce
the specific pressure on the ground. As a rule, the pressure regu-
lation systems are remotely controlled from the cockpit.
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Figure 11.6. Tire pressure regulation system.

1- fitting; 2- electromagnetic valve; 3~ restrictor; U4- safety
valve; 5- electromagnetic valve; 6- gland; 7- transfer valve;
8- signal lamp; 9- on-off button; 10, 11, 13- relays; 12-
pressure gage: 1llU- pressure contrcller.

Let us examine the tire pressure regulation system of a
particular airplane (Figure 11.6). The system consists of air
lines connecting the engine compressors with the tires and several
components., Air is bled from the compressor through the fitting 1
and, after passing through a heat exchanger and molsture absorber,
enters the electromagnetic valve 2. When the valve opens, the air
enters the main line, passes through the restrictor 3, and then
enters the tire through the rotating glands 6 and the transfer valves
7, located directly on the wheels. When the transfer valve 7 opens,
the tire is filled with air or air is bled from the tire, depending
on the alr pressure in tne main line. The transfer valve 7 is
constructed so that it opens when the supply pressure rises above
2 kG/cmg, connecting the tire with the pressure regulation system
line. The valve closes when the pressure in the line is 2 kG/cm2
or less. The lines running to the electromagnetic valve 5, pressure
controller 1lU4, and pressure gage 12 are connected with the main line.

The system 1s controlled from the cockpit, where the pressure
selector 1lU, pressure gauge 12, signal lamp 8, and system on-off

button 9 are located on the pilot's console. The relays 10, 11, and /182

13 in the electrical remote control system to provide automatic valve
actuation. The safety valve U4 1s installed to protect the lines and

components against overpressure,.



The system operates as follows. In the de-energized state, the
electromagn.tic valve 2 connects the main air line through the
restrictor 3 with the atmosphere and blocks air flow from the pressure
sources. In the de-energized state, the electromagnetic valve §
also connects the main air line with the atmosphere. 1In order to
increase the pressure in the tires, the knob of the pressure
selector 14 is rotated to set the selector pointer opposite the
required pressure on the instrument scale. In this case, the
selector contacts are open. Activation of the system is accomplished
by briefly depressing the start button 9, which supplies current to
the windings of relays 10 and 11. The relay 10 remains energized
after pressure is released from the button 9, since the winding cir-
cuit of relay 10 is closed by the contacts of relay 13. Relay 10
energizes the electromagnetic valves 2 and 5, and at the same time,
the signal lamp 8 illuminates indicating that the system 1s operating.
Valve 5 blocks venting of the air into the atmosphere and valve 2
at the same time connects the main air line with the pressure source.
Air begins to flow through the restrictor 3 to the transfer valve T.
When the pressure reaches 2 kG/cmz, the transfer valves open and
connect the tires with the main air line. With further increase of
the pressure in the system, the tires fill with air. Filling of the
tires can be monltored on the pressure gauge 12.

When the pressure 1n the tires reaches the value established
by the pressure selector 14, the selector contacts close and relay
13 actuates. This opens the winding circuit of relay 10 and resets
the relay contacts and, therefore, valves 2 and 5 to the original
position. The slgnal lamp goes out, valve 2 prevents air entry into
the system, and valve 5 dumps. the air from the main line into the
atmosphere. In this case, the pressure in the system 1s less than
2 kG/cm2 and the Lransfer valves 7 close. The air in the tires will
be 1solated fron the main air line.

In order to reduce tire pressure, the knob of the selector 14

1s rotated to set the pointer opposite the required scale division.
The system 1s activated by depressing the start button 9.
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Let us examine the two pressure reduction stages. The first
stage 1is with the start button depressed, relays 10 and 11 have
actuated and have applied current to the electromagnetic valves 2
and 5. 1In this case, the previously examined filling process
repeats. The pressure in the main air line increases and, upon
reaching 2 kG/cmz, opens all the transfer valves 7. When the 1line
pressure reaches the tire pressure, the contacts of selector 14 /18
close and relay 13 actuates. The second stage is with the start
button released, the contacts of relay 10 have returned to the
original position but relay 11 remains actuated. The valve 2,
controlled by relay 10, is de-energized and returns to the original
position, blocking air flow into the system and connecting the system
to the atmosphere through the restrictor 3. 1In both the first and
second stages, the valve 5 and the signal lamp remain energized
and, consequently, alr is not vented from the air line into the
atmosphere. A pressure equal to the pressure in the tires is
established in the line between the restrictor 3 and the transfer
valves 7. This pressure 1s above 2 kG/cmz, and, therefore, all the
transfer valves 7 remaln open. The tire pressure decreases, since
alr is vented into the atmosphere through the restrictor 3 and
valve 2. The pressure reduction process terminates when the pres-
sure selected by the selector 14 is established in the system. At
this moment, the selector contacts open, the winding of relay 11
is de-endergized, and the contacts of relay 13 open the supoly
circuit of relay 11. Relay 11 de-energizes the valve 5 and the
latter dumps the air into the atmosphere. The pressure in the main
air line falls below 2 kG/cm2 and all the transfer valves 7 close,
isolating the tires from the regulation system. The signal lamp
goes out.

This 1is an electrical remote control system. It 1s used on
heavy alrplanes with 'ow tire pressure which do not require pressure
correction as a function of speed. Since the tire speed characteris-
tic depends on tire pressure, pressure reduction below a definite
level may lead to tread separation and tire failure during takeoff.
In this case, the pressure regulation system with correction based
on speed may provide both improved airplane flotation over the
ground and retention of the required tire speed characteristics.
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Figure 11.7. Spray manifold of Figure 11.8. Liquid cocoling
liquid cooling system. system spray nozzle.

1- fitting; 2- line; 3- tubes;
4~ vertical tubing extensions.

3. Liguid Jooling and Tire Pressure Regulation System Components

The spray manifold (Figure 11.7) is the main component of the
vaporizing type cooling system and determines, to a considerable
degree, the effectiveness of the entire system. The manifold con-
sists of an annular line 2 with fitting 1 for connection to the
cooling system. Tubes 3 of smaller diameter branch off from the
annular line in the axlal direction and are arranged in the brake
housing slots. Each tube 3 terminates in a vertical ertension 4
which 1s attached by a spring to the brake housing support flange.
The vertical extensions are located between the sectors, which are
riveted to the supporting flange. The tubes 3 and the vertical £;§5
extensions 4 have calibrated orifices. These orifices are positioned
sv that the sprayed liquid impacts directly on the friction surface.
In some designs, the lliquid is sprayed using special nozzles. The

construction of one such nozzle is shown in Figure 11.8.
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Figure 11.9. Tire pressure regulation system pressure selector.

1- housing; 2- flange; 3- sleeve; U- spring; 5- shaft; 6- knob
and pointer; 7- detent pin; 8- scale; 9- spacer; 10, 1, 17,

18- contacts; 12, 13, 16, 30, 33- wires; 1U4- flange; 15- housing;
19- ring; 20- spring; 21- cup; 22- contactor; 23- electrical
connector; 24- filter; 25- spring; 26- piston rod; 27- sylphon;
28- guide; 29- sylphon unit; 31~ feedthrough; 32- electrical lead.

Ye shall examine some characteristics of the tire pressure
regulation system components. The pressure selector is a manually
controlled pressure relay. The operating pressure is selected by
setting the polnter opposite the corresponding selector scale
division. The operating pressure ranges from 2 to 5 kG/cmZ. The
operating pressure is independent of the ambient pressure, since a

sylphon with evacuated inner chamber is used as the sensing element.

The unit operates as follows (Figure 11.9): with increase of
the pressure supplled to the unit, the sensitive element (sylphon)
27 contracts and displaces the contactor 22 coupled with the sylphon.
In this process, the contacts 18 close sequentially with the station-
ary contacts 17, whose positions are set so that closure of each of
the seven contact pairs (contact 18 and the stationary contact 17)
takes place at a definite pressure {(from 2 to 5 kG/cm2 at 0.5 kG/cm2
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intervals). Closure of each contact pair does not prevent closure
of the next palr. After closure of each contact pair, the contactor
22 continues to displaces, compressing the springs 20 of the pre-
viously closed contacts 18. As the pressure supplied to the unit
decreases the contactor 22 displaces to the originc:l position under
the influence of the spring 25 and the elasticity of the sylphon

27, which leads to opening of the contact pairs.

In order to set the required operating pressure, the pointer 6
is rotated to the left, the detent pin 7 withdraws from the hole in
flange 2, and the pointer 6 1s set opposite the division of the
scale 8 corresponding to the required operating pressure. The
pointer 6 is held in this pcsiticn by the detent pin 7, which drops
Into the corresponding hole in fthe flange 2 under the influence
of the spring 4.

As the pointer € is rotated to the required position, the teeth
of the shaft 5, which ar~ in the erooves of the sleeve 3, shift the
sleeve and attached contacr 10 to a position in which the contact
10 closes with contact 11, connected by the wire 16 with the
contact 17, which is set to the operating pressure corresponding
to the position of the pointer 6. The lead of the electrical
connector 23, connecte by the wire 13 with the movable contact 10,

is now connected to contact 17, which is 32t to the operating pressvre

corresponding to the position of the pointer 6. The lead of the
electrical plug 23 is connected by the wire 33 with the contacts 18.
Closure of the electrical circuit of the electrical ccanector leads
with increase of the pressure supplied to the unit a..3 opening of
the circult with reduction of the pressure takes place at pressures
corresponding to the position of ‘he pointer 6.

The transfer valve 1s installed right at the wheel and is
connected by tubing with the tire and the air supply line. The
valve makes 1t possible to automatically increase or decrease the
pressure in the tire in .he range from 2 to 6 kG/cmz. In the absence
of pressure in the supply line, thz transfer valve maintains the

pressure in the tire. A schematic of the valve operation 1is shown
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Figure 11.10. Operation of transfer valve.
1- valve; 2- housing; 3, 6- springs; U- restrictor; 5- plunger.

in Figure 11.10. Crcsses indicate supplied pressure chambers,

dashes indicate atmospheric pressure chambers, and stars indicate
pressure in a closed chamber. In the initial position without
pressure in the line, the valve 1 is seated on the housing 2 by

the spring 6 and by the air pressure in the tire. With increzse

of the line pres-ure to 1.5 — 2 kG/cmZ, the sylphon unit A displaces
an” forces the valve 1 from the seat 2, thus connecting the tire
chamber with the air line through passage B in the plunger 5. At

2 pressure less than 1.5 kG/cm2, the spring 3 returns the sylphon
unit A to the original position and the valve 1 under the action 4;§_
of the spring 6 and the tire pressure is forced against the seat 2.

The opening pressure of the valve 1 is nractically independent
of the tire pressure, since the working area of the valve 1 is
considerably less than the difference of the effective areas of the
large and small sylphons. In the chamber B of the plunger 5, there
is the restrictor 4, whichL creates a pressure differential which
aids the spring 3 in returning the sylphon unit rapidly to the
original position if there is an abrupt drop of the pressure from
the line. This valve constr~tion prevents any loss of tire
pressure. The inner chamber between the sylphons 1s vented to the

atmosphere.
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CHAPTER 12

STAND TESTS OF AIRPLANE LANDING GEAR AND BRAKE SYSTEMS

1. Landing Gear Shock Absorber Tests

We noted previously that wheel and tire service life and
reliability depend, to a considerable degree, on the effectiveness
of the landing gcar shock absorbing system. If the gear shock
abtsorber does not absorb all the deslign airplane impact energy
during landing, the remaining part goes into the tire and may cause
unacceptable tire deformation. Operating experience has shown that
a properly designed landing gear shock absorber ensures reliable
wheel and brake operavion.

Shock strut testing 1s conducted on an impact testing machine.
The shock strut is mounted on the tester housing and is released
together with the housing and a weight of definite magnitude. By
varying the welight of the housing and ballast and its free-fall
height, we can vary the magnitude of the vertical load acting on
the wheels at the instant of contact as a function of shock strut
travel and released load center of gravity displacement. The drop
process is recorded on an oscillograph. The resulting oscillograms
are used to plot curves of the load P on the shock strut and wheels
as a function of dropped load center of gravity displacement h and
shock strut travel Gss for absorption by the shock strut of the

design, maximal, and ultimate works (Figures 12.1 and 12.2). The
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Figure 12.1: Vertical force P versus dropped load center of
gravity displacement h.

resulting loads on the wheels should not exceed the specified and
design values. If the measured loads are excesslive, the shock
strut basic parameters (charging pressure or needle flow area; are
changed and the tests are repeated.

In addition to the dynamic characteristics obtained by dropping
the shock strut, we also study the shock strut static characteristics,
for example, the shock strut force dependence on its travel. As a
rule, these characteristics are recorded for various shock strut
charging pressures. In certaln cases, the gear drop tests are made
with the wheels spun up to speed in order to obtain more precise
r-sults.

Oscillations (shimmy) of the swivelling part of the gear strut /189
have considerable influence on the operation of wheels installed on
the nose gear. Both the wheel and brake elements and the strut as
a whole can fail in the presence of these oscillations. During such
strut oscillations, the airplane directional c+ab*lity decreases
markedly. The nose gear 1ls subjected to speclal tests to evaluate
the stability margin against shimmy. The technique for conducting
these tests 1s as follows. The strut with wheel mounted on it is
installed in a special adapter on the drop test machine housing. /190
The test machine Aium 1s accelerated to the required speed, after
which the housing 1s lowered so that the tire has the specified
deflection. After the wheel comes up to speed, the swiveling part
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of the strut, together with the
Pxgf . wheel, are turned t'rough a
definite angle (usually 8 — 10°)
by a special attachment, after
which the attachment used to

rotate the sirut is disconnected

abruptly. The traction force of
the wheel with the drum will
— tend to return the wheel and

swiveling part of the strut to

the neutral position. If there

[ ] 20 00 "o is adequate damping of the swivel-

Figure 12.2. Vertical load P ing part of the nose gear strut,
versus shock strut travel Gss‘ it, together with the wheel,

returns to the neutral position
after completing some number of oscillations. If damping is inade-
quate, the oscillations may become undamped and the amplitude may
even Increase. The tests are conducted with various drum speeds and
various loads on the wheel. If necessary, the damper system is
corrected by selection of the throttling elements.

2. Basic Wheel Tests

Wheel tests for static strength. Testing of the wheel under
radial loading is conducted on a special press (Figure 12.3) with
the tire load and deflection recorded by a special recorder. During
this testing, the tire is filled with water. The pressure in the
tire must not exceed the operating pressure in the course of the
tests; this is ensured by the use of pneumohydraulic compensators.
The load is increased smcothly until failure cof che wheel or 1ts
individual components. The wheel is cousiucred to pass the radifal
loading test if the radial load at failure is equal to or greater
than the design failure load.
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Wheel testing under internal
pressure is conducted in a
special armored room. The tir~
is filled with water, after which
the pressure is increased using
a hand pump until the wheel fails.

The wheel 1is conslidered to
pass the tezt if

Figure 12.3. Press for aircraft
tir: sratic tests. Pe/Pg 2 n;

where Pe is the pressure at which wheel failure occurs; Py is the

operational tire pressure; and n is the safety factor.

Wheel testing under the action of maximum braking moment Is
conducted on a special inertial test stand. The wheel with tire
installed is mounted on the test stand pressure plate and ! rcught
against the drum which is rotating at a speed of 3 — 5 m/sec. With
tire deflection equal to SSt and the maximum possible operational

load, a braking moment equal to the design or ultimate value is
created. The wheel and tire are considered to pass the test if
failure does not occur.

Wheel fatigue strength tests are conducted on special stands
to whrel faiiure. The facility is equipped with strong armor
protection to avoid the consequences assoclated with tire bursting
under pressure at failure. Such a stand, but with the armor protec-
tion removed, is shown in Figure 12.4. The stand has two axles.
The distance between the axles can be varied, depending on the sizes
of the tires being tested. One of the wheels is rotated by an
electric motor. After the wheels are mounted in the fixture, the
distance between their axles is established so that the tire deflec-

tion of each wheel will be the same as under the static load Pst ldg

or P In this case, each wheel is subjected to a radial load

st to’
equal to the takeoff or landing load. The wheel rotational speed
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{(rolling speed) during the tests
is taken equal to
v, + v

-t ldg
vrot m 2

where Yeo is the takeoff speed;

gldg is the landing speed; and

m is an empirical coefficient.
Figure 12.4. Setup for wheel
fatigue strength testing (armor
protection removed). Since the tires heat up

in the rolling process, they
must be continually cooled by water circulating in the test setup.
The loads (takeoff or landing) are alternated after definite
intervals.

The minimal number of wheels of a single lot subjected to the
tests is three. However, this number may be increased, depending on
several factors. The wheel initial service life is found from the
formula

Lav

N, = =
= Z1dg r Zto ’ Ztax

23 |

where Hi s the initial wheel service life, expressed in number
of takeoffs and landings; Lav is the average test wheel running
distance prior to fallure in km {Lav = (L1 + L2 + ... + Ln)/n];
Ll’ Lg, iy Ln are the total running distances of each wheel prior

to failure; n is the number of wheels tested; Zld 1, 4, and Zta

g ‘to X
are the specified wheel larding rollout, takeoff roll, and taxiing
distances per takeoff and landing; and n is the reliabllity factor

(its value is selected as a function of the number of wheels tested).



3. Brake Tests

The basic braking characteristics of the brake and its
temperature regime are checked in the normal operating regime on
the inertial stand. The stand drum with masses attached to it is
accelerated to a definite speed, after which the electric motor
is disconnected and the wheel, mounted on the stand pressure plate,

is forced against the drum with radial load equal to Pst 1dg’

after which the brake 1is applied and braking takes place until the
stand drum comes to a complete stop. The braking process is recorded
by an oscillograph or a manometric recorder. The recorded braking
moment diagrams are used to evaluate the brake characteristics, and
the temperature curve 1s used to evaluate its thermal regime. The
primary criteria which determine brake erfectiveness are: Mb min is

the minimal braking moment; Mb max is the maximal braking moment;

and Mb av is the average braking moment.

The average braking moment can be found from the formula:

o= ApTq
’
av Lst
where Ab is the energy absorbed by tire brake; rs is the dynamic /193

wheel rolling radius; and Ls is the running distance (on the stand).

t
Brake service life tests are also conducted on the inertial
stand in the operational regime. The trake and wheel must withstand
the required number of brakings while retaining the braking charac-
teristics. The friction element wea= rate and service life are

determined 1in the service 1life tests.

Yy, Wheel and Brake Test Equipment

The wheel and brake loading conditions Jduring operation
determine the complexity of the test equipment required for wheel
and brake development and insi :ction tests in the development and
production process. As a rule, the factories or firms which
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Figure 12.5. Laboratory for testing aircraft wheels and brakes.

fabricate aircraft wheel. have special laboratories. Figure 12.5
shows the test laboratory of one foreign firm. This laboratory

is divided into individual sections. The instrumentation and
operators are located in section I; the test stands are in section
II, the power supply is in section 111, and the stockroom is in
gsection IV. The inertial stand A with two pressure plates for
wheel and brake testing and the setup C for wheel fatigue strength
testing are located in section II. The motor-generator DC power
supply 1s located in section III. In modern test laboratories, the
room in which wheels and brakes are tested on lnertial stands is
separate from the control room, is sound-proofed, and has good
exhaust ventllation. The test result recording equipment is
automatic.

Figure 1.6 shows an inertial stand of the Paur firm, which
makes 1t possible to test wheels and tires with some angle In
relation to the drum in order to simulate side loads. The stand
drum circumferential speed reaches 500 km/hr,
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Figure 12.6. Inertial stand.

Pigure 12.7. Fixture for tire

The inecreasing requirements impact tests,

have led to the creation of
equipment which makes it possible to simulate high terperature
operating conditions. An example of such a setup is the Dunlop
Aviation stand, equipped with a chamber for preheating the wheels.
Forcing of “he wheel against the stand flywheel 1s accomplished by

a systerm Pollcwing a specified program. The stand electrlic motor
power is abuuu 400 hp and the drum circumferential speed 1s about

320 km/hr.

A special high temperature chamber completely surrounding
test wheel 1s used to heat the wheel. Heating 1s accomplished
hot alr obtained from a special heating facilliiy.

Tire test setup. As a rule, tire testing ls conducted on the
same inertial stands, inmpact testers, and presses on which the wheels

£
are tested. However, speclal facliiiles have recéntly appeared

because of the increasing tire requlrements. Une such faclilivy
(Figure 12.7) 1s the Dunlop tester for tire impact .esclng, which
makes 1t possible to simulate the most sgevere conditions to which
tires are subjeected under actual conditions. The enerpgy regulired
for faliure of one ply ol the tliye carcass

tegter,  Por bhic purpose, the tenter drop

g

definite welpght 1B equipped with coneg of




Figure 12.9, Stand kinematices.

By varying the drop helght and
weight, we can determine tire
resistance to impact loads.

Figure 12.8. Stand for testing
electroinertial sensors and

direct acting controllers. Speclal begles on which

the wheel with tie test tire
1s mounted are used to test tires for resistance o punctures and
cuts. The bogie is loaded with ballast of given weight and is rolled
over a concrete track on which various sorts of articles (bolts, nuts,
etc.) are spread. The tire resistance to mechanical damage is
evaluated on the basis of cut size and depth.

5. Stand Check of ILierilal Sensors and Antiskid Controllers

Verlfication of antiskxid system electroinertial sensor direct
acting antiskid controller operating conditions is carried cut on
a speclal stand (Figure 12.8). This stand permits checking all the
basic characteristics (sensitivity, pulse duration, etc.) under
both laboratory and field conditions. The stand is equipped with
a crank and rod mechanism for determining sensor sensitivity. The
driving member of this mechanism is a sliding block wnien rotates

uniformly about the axis ﬁl (Figure 12.9) with the constant angular

velogity




where nl 1s the sliding block rpm,

Along the sliding block slot travels the slider B, with which
there is connected the crank 02B which rotates about its axis 02.

The distance b between the sliding block and crank rotation axes

is regulated by parallel shift of the shaft crank axls relative

to the statlonary sliding block axis. With increase of the distance
between the sliding block and crank rotation axes to the magnitude

b and with constant sliding block angular velocity, the crank shaft

wlll have a variable angular velocity Wy . Its angular acceleration

will change sign once per sliding block revolution. The sensor
clcses and opens the electrical circult during one crank revolution.

The magnitude of the angular acceleration with which the crank
shaft will rotate is found from the relation

~
H
\Yo
~

|

- zasin B(1 4 2acos P+ a?) (1 —a?)
v (1 +acosp)? '

a =b/r; b is the distance (spacing) between the sliding block and
crank centers of rotation; and r is the crank radius.

The sensor 1s attached to the stand sleeve for testing. We
rotate the slide block mechanism handle to alter the distance b
between the centers O1 and 0O, (see Figure 12.9). The displacement

is measured using a vernier. At a definite head displacement the
sensor begins to generate single pulses. This instant i1s charac-
terized as the sensor sensitivity threshold. Stable clear-cut

sensor pulses appear with further slid block mechanism head displace-~
ment. The difference in magnitude between the clear-cut and initial
pulses characterizes the stability of the mechanism.

In crder to check the brake release pulse duration, the speed
reducer handle 1i1s placed in the high speed position; the slide
block is released from the flywheel and the handle is used to set
zero head displacement between the centers 0102. Then the motor

is again energized at the required rpm. After 3 — 5 seconds, when
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the sensor flywheel has the required speed, the sensor shaft 1s
disconnected from the speed reducer and braked sharply. At this
instant, the sensor generates an electrical signal. The time in

the course of which the signal is maintalned is recorded by an
electrical stop watch. The technique for checking direct acting
antiskid controllers does not differ from the technique for checking
the lnertial electromechanical sensors with the excepticn that the
test stand must be equipped with a pneumatic or hydraulic system.

6. Brake and Antiskid System Stand Tests

Stand tests of the brake and antiskid systems are conducted in
order to check functioning of both the entire system and its
individual components. For correct evaluation of system functioning,
its plumbing lines must have length and diameter close to those used
aboard the airplane. During the tests, the system is connected
either to the brakes or to speclial mockups whose stiffness and
volume characteristics are as close as possible to those of the
actual brake. 1In order to obtain more accurate test results, the
hydraulic fluid pressure should be the same as that used on the
airplane. As a rule, stand tests of the entire system are conducted
with ambient temperature close to standard. However, each system /198

component 1s further subjected to all the required tests throughout
the operating temperature range.

During the system stand tests, we check system functioning,
nature of brake pressure variation with linear input signal variation,
values of the basic parameters (brake pressure, control current,
brake pedal travel, etc.), and system response speed (brake applica-
tion and release times).

After checking the brake system, the antiskid system controller
functloning and effectiveness 1s checked. As a rule, this check is
made on an inertial stand. Testing of the antiskid system controller
on the stand 1s made in two regimes: skidding and ncnskidding. The
tests begin in the nonskidding regime. For this, the wheel, mounted
on the stand pressure plate, 1s brought against the drum which 1is
already up to speed. The rotating drum mass must be selected so as
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to complete the braking process in the course of the specified time.
Then the wheel is forced against the drum and loaded by a radial
load equal to the static load. After this braking pressure 1is
applied to the brake and braking takes place. Trigsering of the
antiskid system controller should not tak= place In this regime.

In the skidding regime tests, the wheel, just as in the first
case, 1s forced against the spinning drum, but in thls case, the
tire deflection should be 25% of the total deflection (sn that the
traction moment will be definitely less than the maximal vraking
moment). After pressure 1is applied to the brake, a braki=g regime
is established in which the braking moment will be greater than the
traction moment. The wheel beglins to skid, but the antisklid system
controller must eliminate the skid from the moment of braking

initiation downh c¢o a speed of 20 — 30 km/hr. The braking time T

in the skidding regime (with tire deflection equal to 0.25% of the
total deflection) should not exceed 41 (where 1 is the braking time
with complete tire deflection).

Modeling principles have been used more and more recently in
brake system testing and development.

Figure 12.10 shows the hlock diagram of a stand which makes it
nossible to check airplane antiskid system functioning. The stand
operacion is based on using electrical and physical analogs of the
rea. processes taking place during system testing. The primary
parameters which determine the braklng process under actual condi-
tions (energy absorbed by the wheel brake, braking moment, traction
moment, wheel moment of inertia, angular velocitles and accelesa-
tions, and certain others) are modeled on the stand by mechanical
analogs. The variable quantities which determine the braking moment
are simulated by electrical voltages and the automatic operations
on these quantities are performed by mathematical modeling methods.
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Figure 12.10. Test stand schematic.

1- electric motor; 2- tachgenerator; 3, 6- gearing;
of energy absorbed by the brake;
antiskid system elcctrolnertial sensor;
9- brake system components;
multiplers; 13 — 16- drivers; 17- servomechanism;

et 1) R G LY
L s ol A15 » - /F

10- wheel brake;

4. simulator

5- magnetic particle clutch; 7-
8- brake reduction valve;
11, 12- potentiometric

18- feedback.

Magnetic particle clutches (MPC) are used on the stand to

¥

transform the electrical voltages UI and

moments.

1
tr
The magnetic particle clutel has

linear variation of the transformed moment

quite high gain, fast response, qulite high

U intc mect:anical

My,

several advantages:

with control current,

sensitivity, etc.

A flywheel mass (consisting cf several discs) is used in the

stand to simulate the energy ahsorbed by a single braked wheel.

The wheel simulator 1s the magnetic clutch internal element mounted

on the same shaft with the interchangeable gearing which meshes with

the alrplane system sensor gearing.

Modeling of the traction coefficlent, radial load on the wheel,

wheel dynamic radius, and vrake friction pair friction coefficient

is accomplished on the stand by electrical voltages.
variables as 2 function of airplane speed is accomplisned by a serv»

system.

A tachgenerator acts as the < .eed cersor.

Change of the
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The stand operates as follows. A sensor which converts the
system pressure into an electrical signal 1s connected to wheel
brake line. The airplane system inertial sensor is taken from the
wheel and its gearing is meshed with the wheel simulator gearing.
The electrical connection of the sensor with the airplane system is
retained. Then the motor accelerates the flywheel t. the speed
specified by the test program and is then switched off. The control

voltage UM » proportional to the magntidue of the traction mor at

tr
(Mtr)’ is ap»nlied to the traction clutch. The wheel simulator

begins to rotate at a definite speed and drives the inertial sensor
gearing. The process corresponds to unbraked airplane landing
rollout.

The operator creates the braking pressure Pb, with increase of

which there appears a voltage UM in the braking clutch control

b
channel, simulating the braking moment Mb. If the voltage UM <
b
UM , the brake clutch operates in the slip regime — the process
tr

corresponding to braked rollout without skidding takes place.

However, if UMb > UMtr, the wheel simulator begins to lose speed
and transitions to skidding. The automatic brake releacse sensor
coupled with the wheel simulator also loses speed and when the
deceleration reaches the design value, closes the braking system
electrovalve circuit _.1d the pressure is released from the brake.
With pressure decrease, the current to the braking clutch decreases
correspondingly. The wheel simulator speeds up, the ailrplane
system allows the working pressure to flow to the brake, etc. The
rollout process with automatic controller triggering takes place.
After the stored energy is dissipated, the flywheel comes to a stop

and the process terminates.

The total number of flywheel revolutions during landing rollout
(to the adopted scale) corresponds to the number of revolutions of
the 1ideal airplane wheel rolling without skidding and is proportional
to the braking distance. The process time 1s equal t> the airplane
landing rollout time.
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CHAPTER 13

WHEEL AND BRAKE SYSTEM FLIGHT TESTS

1. General Information /201

Flight tests verify and confirm the suitability of wheels and
brake systems for operation on the airplane. The tests include:

— determination of landing rollout distance and braking
effectiveness;

— - determination of optimal brake pressure;

— evaluation of antiskid system operation under various
climatic conditions and with different runway surfaces;

— determination of wheel and brake temperatures during normal
operating cond tions and ir the emergency regines;

— determination of brake friction element service 1life;

— =valuation of auxiliary system (cooling system, tire
pressure regulation system, etc.) operation.

As a rule, the tests are conducted under various climatilc
conditions. In oirder that the test results be objective, the
following basic parameters characterizing braking system oreration
should be recorded during the tests:
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— brake pressure;

— braked and unbraked wheel rpm;

— current pulses from the antisklid system controller;

— taemperatures of the basic wheel and brake elements;

— btraking moment or braking force in the gear drag links;

-— load factor acting along the wheel axis.

These parameters are recorded using standard instrumentation.
Multichannel oscillographs of the K20-21 type are used for recording.
Membrane type sensors are used to record brake pressure. Wheel speed
recording is accomplished using a pulse type sensor consisting of
a coil mounted on the brake cylinder block and a permanent magnet /202
installed on the wheel drum. As the magnet passes the coil, an
electrical pulse appears in the latter and is recorded by the oscil-
lograph. Wheel rotation speed can also be recorded using a photocell.
In this case, one half of the tire is painted white and the other
half is left black. The photocell reacts to the tire color change
and generates a pulse which is recorded by the oscillograph.

Recording of the antiskid system overating pulses is accomplished by
connecting a pulse sensor in parallel with the electromagnetic brake
release valve. Portable contact pyrometers are used to record wheel
and brake element temperatures. If continuous recording of the brake
temperature variation as a function of time is required, chromel-kopel
thermocouples are installed at certain brake points (in the block,
discs, and brake housing) and are connected through an amplifier with
the oscillograph. Recording of the braking moment or force is
accomplished by strain gages bonded in a definite pattern on the
brake housing or drag rod. 1In those cases, when it 1s recessary tou
evaluate the load factors acting along the wheel axle, vibration
apparatus of the VI6-MA type with DU-£ acceleration sensor installed
on the brake housing is used.

Oscillograph paper speed of at least 50 mm/sec is recommended
in order to obtain high quality recording. After installing all the
required monitoring and recording equipment, the airplane on :licn
the flight tests are to be made is first subjected to grcund tests.
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2. Ground Tests

During the ground tests, a preliminary check is made of
functioning of the wheels, brakes, 2nd brake systems as a whole.
The ground tests start with performing several taxi runs at low
speed using light braking (for the minimal necessary brake wear-in).
After the taxi runs are completed, an evaluation is made of the
static braking moment with the cagines running. This check is
made cn a dry runway at maximal aiiplane takeoff weight. ith the
design brake pressure, the moment must be such that the wheels do
not turn and hold the airplane securely with the engines operating.
Airplane movement with the wheels braked indicates that the thrust
force exceeds the wheel traction force with the runway. In this
case, increase of the brake pressure will not have any effect, and
the noted characteristic is pointed out in the airplane flight
operating instructions. However, if, as the engine thrust iacreases,
the wheels rotate, indicating inadequate braking moment, increase of
the brake pressure can hold the airplane in po.ition with vhe design
thrust. After the brake pressure required to hold the airplare in /203
position has been determined and recorded, we turn to evaluaiion of
the optimal operational pressure in the brake system, since increase
of the kinetic energy spectrum of the modern airplanes has led to
the necessity for different pressures in the brakes for the takeoff
and operational regimes (for braking during landing rollout).

For preliminary evaluation of design pressure correspondence
to the operational pressure, three to five high speed taxi runs are
made on a dry runway with acceleration of the airplane to (0.7 —
0.8)vtO and subsequent heavy braking. The resulting records are

ana.yzed. Figure 13.1 shows recordings of two airplane rollouts
with different operational brake pressures. In Figure 13.1la we see
clearly the frequent antiskid system controller triggerings, while
in Figure 13.1b, the controller triggerings are infrequent.
Frequent controller triggerings indicate that the braking moment
exceeds the tracticn moment. As a rule, reduction of the brake
pressure reduces the number ¢f controller triggerings, lncreases
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braking effectiveness, and
reduces the level of the dynamic
loads acting on the gear compon-
ents. After det>rmining the

optimal brake pressure, two
or three more high speed taxi
runs are made, accelerating the

airplane to 0.7 — 0.8 v o With

t

Figure 13.1. Oscillograms of subsequent heavy braking in

brake moment Mb with brake order to determine the braking
pressure Pb variation during distance, which can be found
ground testing of the airplane from the formula

brake system.

Lbd = 2nrdN,

where Ty is the dynamic wheel rolling radius; and N is the number of

wheel revolutions from braking initiation until stopping.

If the braking distance meets the requirement and the wheel and
brake temperatures do not exceed the allowable value, the flight
tests are startea. Exceeding the temperature regime indicates the
necessity for introducing limitations, for example, on the speed at
which braking is initlated.

3. Flight Tests

Flight tests include landings at normal and maximal landing
weight, at normal and maximal landing speed, and landings with short
time intervals between them. The tests must also include verification
of brake system functioning in case of rejected takeoff with the
ailrplane at maximum takeoff weight. At least 25 — 30 landings must
be made in order to obtain reliable results.

In conducting the tests, the landlngs must be made using the
technique approved for the given airplane with recording ¢ the
parameters indicated above. For evaluation of braking system
effectiveness, the landings mu.:t be made on a dry runway, while for
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evaluating antiskid system reliability, they must be made on a wet
runway. In the first case, the pilot must use maxi.;al brake pressure.
If, in this case, the number of antiskid system triggerings during
braking does not exceed 10 — 15, we can consider that the brake
pressure has been established guite close to its optimal value. A
large number of antiskid system sensor triggerings indicates insuf-
ficient wheel traction moment with the runway or excessive sensor
sensitivity. Triggering of the system in the first half of the
landing rollout indicates insufficient traction because of the
pres=nce of high wing 1ift force In this case, the wing mechani-
zation which reduces Jift force during rollout must be improved in
order to increase braking effectiveness. If it is not possible t»
reduce the 1ift force influence, gradual increase of the brake
pressure in the first half of the rollout and increase of the pres-
sure to the maximal value only in the second half of the rollout
should be recommended.

During the flight tests, the temperature must be checked after
each landing ac the critical wheel and brake locations. When
measuring the temperature, we must bear in mind that the maximal
vemperature on the wheel drum (at the point of wheel contact with
the tire) occurs 20 — 25 minutes after termination of braking.
If the wheel drum temperature exceeds the allowable value, the drum
must be cooled with water to avoid tire failure or explosion. The
braking moment created by the brake must not have large oscillations
relative to the average value and must not have sharp overshoots. /205

Large braking moment variations or overshoots indicate either

abnormal brake operation or abnormal system operation.

Considerling that, in most cases, the brake thermal regime is
calculated on the basis of the brake absorbing the energy of a
single landing and that a definite time for brake cooling 1is required
before the subsequent braking, the perrormance of landings with
short time intervals between them may cause overheating of both the
brake and the wheel and tire. In thls casz, the allowable number
of landings and the conditions under which they are made must be
determined during the flight tests. For example, closed pattern
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flights with the gear down may reduce the temperature regime and
increase the allcwable number of landings.

As a rule, the rejected takeoff regime 1s an emergency
condition, ir which the brake must absorb two to three times more
energy than during normal operation. Overheating of the wheels,
brakes, and tires is unavoidable in this regime. Subsequent
failure of individual structural elements is also possible.
Therefore, during the flight tests, the rejected takeoff regime 1is
performed at the very end of the tests with observance of special
safety measures. In these tests, the temperature measurements must
be made remotely only, and if, the critical temperatures are
reached, it is recommended that immediate cooling of the wheels
and tires with water be carried out to prevent an explosion.

During the tests, the wheels, brakes, and other brake system
elements must be subjected to periodic inspection to evaluate thelr
technical status. If it is necessary, during the flight tests, to
evaluate the magnitude of the brake friction element wear, the
number of landings with heavy braking must be increased by a factor
of two or three, since it is impossible to evaluate the degree of
wear after 25 — 30 landings when using wear resistant friction

materials.
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CHAPTER 14
BASIC RULES FOR TECHNICAL OPERATIOIx OF BRAKES, WHEELS, AND TIRES

1. Rules for Brake, Wheel, and Tire Use /206

Braking after touchdown requires special attention and skill
on the part of the pilot. Numerous studies and observations show
that braking effectiveness may be different orn. the same alrplane
under the same landing conditions for different pilots. If we
consider that braking duration after touchdown is 15 — 20 seconds,
it becomes clear that the smallest delay in 1initiating braking or
lack of skill in using the brakes may increase braking distance
considerably. Even with the most advanced brakes, it 1s difficult
to achieve good results if the touchdown is rough. Therefore, the
touchdown must be smooth In order to obtain the minimal landing
rollout braking distance. After touchdown, there should be some
time interval delay in order that the ailrplane acquire directional
stability, and only after this should braking be initlated. Depend-
ing on the airplane aerodynamic characteristics, upon landing, it
may immediately "squat" to the ground. In this case, the 1ift force
decreases sharply, the wheels acquire sufficiert traction with the
runway, and the pilot can, in the course of two or three seconds,
create the maximal braking moment, which makes 1t possible to cbtain

minimal rollout distance.
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If the 1ift force decreases gradually after touchdown, it 1is
recommended that maximal brake pressure not be used in the first
half of the rollout, since, in this case, the braking moment will
not be fully realized because of inadequate traction with the runway.
Only after the wheels acqulre sufficient traction with the runway
can the brake pressure be increased to its maximal value. As a
rule, this takes place in the second half of the rollout.

In spite of the fact that all modern airplanes are equipped
with antiskid systems which eliminate skidding, it is still not
recommended that the wheel approach the skid regime. Periodic brake
application and release by the antiskid system causes impulsive
loading of the brakes and gear elements, which reduces thelr service
life.

If the airplane has a tendency to veer during rcllout, this is
easily eliminated by varying the brake pressure in the corresponding
brakes. After bringing the airplane to a stop and taxiing to the
parking area, the brake pressure should be released, since, in this
case, the brakes cool faster and, in addition, the probability of
brake seal overheating decreases. Greater care should be used when
taxiing on a wet runway, since, in this case, the wheel may start
to sxld and the braking controller, if installed, may be inoperative
at low speed and the airplane may lose directional c‘ability. Brake
functioning and effectiveness must be checked every tlme prior to
takeoff. As a rule, the brakes should be able to hold the airplane
in position with the engines operating at takeoff power.

When new brakes are installed on an airplane, it is recommended
that they first be _Lhecked and broken in using light braking and
only then should normal use of the brakes be initiated. Usually
three such break-in brake applications is sufficient. We must bear
in mind that improper treatment of the brakes may le-d to shortenlng
of thelr service 1life, fallures, and even alircraft accldents. 1In
order to avold premature wear and obtaln maximal effect fiom the
brakes, it 1s recommended that taxiing not be done with partly
wraked wheels, particularly in order to maintain constant taxiing
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speed when the airplane engine has high idle thrust. Only 1in case
of extreme necessity should so-called "pulsed braking" be used,
il.e., periodic brake application and release. Smooth braking should
be used when turning and changing headling. When making tight turns,
it 1s recommended that the airplane not be turned around one wheel
(or bogie), since this leads to overloading of the gear leg, the
wheel, and particularly the tire, which, in this case, may be torn
from the wheel rim. A tight turn should always be made with the

airplane moving forward. To prevent reduction of brake effectiveness,

the brake friction elements must be protected against contact with
0il and lubricants. When disconnecting the hydraulic line from the
brake, care must be taken to avoid hydraulic fluid getting in the
brake, since, in addition to reduction of effectiveness, this may
lead to ignition of the brake during the next brake application.

Proper tire operation increases their service life and
reliabllity considerably. One of the basic parameters determining
tire effectiveness is their working pressure, which must be checked
contlnually, and the airplane should not be released for flight with
excessively high or low pressure. If the pressure is low, the tire
may turn on the rim during landing or fail during takeoff. 1In
addition, with insufficient pressure, the tire wears out rapidly
during taxil because of the large deformations.

In hot weather or 1n case of several short flights, there is
some tire pressure increase caused by heating of the air, but this
increase 1s usually no more than 0.5kgf/cm2. In this case, it is
not recommended that the pressure be bled down to the normal value
in the heated tire, since the pressure would then be too low when

the tire cooled.

In crder to avold premature tire faiiure, they should be
protected against contact with oil, lubricant, or fuel, since this
softens the rubber. If the alrplane is parked for an extended
period, it 1is recommended that the tires be covered to protect the
rubber from aging under the influence of sunlight, and also, the
tires should be unloaded by placing the alrplane on jacks. The
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runup area and the entire runway strip should be carefully cleared
of stones, glass, and other objects which damage tires. This is
particularly important when operating airplanes with high pressure
tires (10 — 13kgf/cm2).

2. Installation of Assembled Wheel on Alrplane Landing Gear

When installing braked wheels on the gear strut, the brake is
first installed on the strut axle flange. As a rule, brakes are
right hand and left hand rotation, depending on the direction of
wheel rotation. The direction of rotation is indicated by an arrcw
stamped on some part of the brake. The b.ake is installed (Figure
14.1) so that its housing A fits tightly to the strut flange B
without any tilt, and so that the shoulder of the axle or the spacer
sleeve, which must be perfectly concentric to the axle seating sur-
faces, be a sliding or light press fit into the central hole of the
housing. This ensures brake centering relative to the axle.
Attachment of the brakes by bolts alone to the gear strut flange is
not permitted, since any possible eccentricity in the brake instal-
lation or installation of the brake with misalignment leads to
abnormal brake operation.

In order to prevent any possible brake misalignment, the end
face of the flage which the brake housing joins must be absolutely
perpendicular to the axle. Experience shows that the axial wobble
of the flange face surface at the attach bolt hole radius should
not exceed 0.5 mm.

In the show or expander tube brakes, the generator of the
cylindrical shoe friction su.race must be parallel to the axle, which /209
is ensured by machining the friction lining surfacg:af the
manufacturer's plant.

In the mounted brake, the location of the openings for verifying
and adjusting the= clearances and the brake pressure input fitting
location should be convenient. These detail parts should not be
located in a region blocked by the gear strut or fork, since access
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to them will be difficult in
this case. For convenience in
releasing air from the brake
chambers or the hydralulic brake
cylindesrs when fillling the
system with fluid, it is recom-
mended that the drain plugs be
located at the top.

i

The brake, installed on

Figure 14.1. Brake installation the axle observing these rules,
on gear strut and minimal allow-

able clearances between individual 1s bolted to the gear strut
brake and wheel components. flange and the bolts are tightened

uniformly and saftied securely.
Figure 14.2 shows the installation of a dual brake wheel with
expander tubebrakes installed on the gear axle.

Prior to installing the wheel on the strut axle, dust and
moisture are removed from the brake friction elements. If oill
accidently gets on the shoes, they are washed with pure gasoline
and then dcled with a dry clean rag. Prior to assembly, the bearings
are packed with grease. °“n order to avold grease leakage onto the
brakes when they are heated, the bearings should be lubricated so
that the labyrinths between the rollers and the race are just filled.

Grease of the NK-50 type can be used when operating wheels at
ambient air temperatures above freezing and also at temperatures down
to -20° C; with ambient air temperature below -20° C, a mixture of /210
50% NK-50 and 50% TsIATIM-201 by weight should be used. The use of
other greases 1s not recommended.

After this preparation, the wheel 1s sl1lid onto the axle, the
grease seals and conical sleeve are 1lnstalled, after which the
bearings are tightened using a special nut. If the wheel does not
have a spacer sleeve, the wheel should be rotated manually as the
nut is tightened with simultaneous tightening of the nut until wheel
dragging 1s elt. Thils indicates the absence of axial clearance in

239



the roller bearings. Further
tightening of the bearings at

the expense of elastic deforma-
e tions of the wheel and axle

. : - details is forbidden. After
this, the nut should be unscrewed
by the following amounts to

. P ) ensure normal operational

—r > clearance in the bearings (in

PNSRERG ; order to compengsate for the
" difference of the wheel hub and
R axle elongations as the wheel

and brake heat up):

O et
st R O — for wheel sizes up to
> ; Pl e 900 mm — by one elghth of a
v’ N
turn for thread pitch 1.5 mm
and by one tenth of a turn for
Figure 14.2. 1Installation of tliread pitch 2 mm;
wheel with dual expander tube
brakes on cantilever gear. — for wreel sizes from

900 to 1200 mm, by one fifth of
a turn for thread pitch 1.5 mm and by one sixth of a tuin for thread
pitch 2 mm;

— for wheel sizes 1200 mm and larger, by one quarter of a turn
for thread piteh 2 mm.

After establishing the operational clearance, the wheel should
turn freely by hand without any perceptible axial play. The
retention nut 1is saftied in this position.

When installing a wheel equipped with antiskld system controller,
particular attention must be paid to proper meshing in the gearing
between the wheel and the controller. The wheel must be rotated
slightly in order to facilitate assembly. If the controller mounting
is such that 1ts installation and removal after installing the wheel
on the axle are possible, 1t should be installed only after installing
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th: wheel. When installing the
controller, the wheel should be
rotated slightly on the axle to
facilitate meshing of the gearing.

——

After mounting the wheel on
the axle. the tire pressure
should be checked, and the
clearances betweer. the wheel,

tire, and strut should also be
checked (Figure 14.3). Not only

Figure 14.3. Minimal allowable is contact not allowed, small

clearances betwcen wheel and clearances “etween the tire and
gear structure. any part of the strut are not
permitted. We must also remember that, during operation, the fire
dimensionz increase by about 4% in diameter and by 2 — 3% in width.
Therefore, 1f the clearances between the new tire and any part of /212
the landing gear are small, they may disappear during operation,

which leads to failure ol the tire and the landing gear structure.

3. Inspections

Perlodic inspections are made tc prevent pnroblems and identify
and eliminate various malfunctions. The inspection tiuing 1is
established for each airplane type individually. The first wheel
and brake inspection should be made after 100 — 150 landings,
combining this inspection with airplane inspections. As a rule,
inspections for the modern wheel with disc brake include the
following: wheel disassembly and external inspection, brake
inspection, and dissassembly and reassembly if necessary.

In order to inspect the wheel, it 15 necessary to remove it
from the axle and,without taking the brake from the gear, ma<e an
external inspection c¢f the wheel and brake. Pricr to the inspection,
the inslde of the wheel and brake should be caref cleaned to
remove the wear products, blowing them out with compressed air. \lhen
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inspecting the wheel, particular attention should be paid to the
condition of the greass seals and roller bearings. The grease

seals (felt, rubber, or labyrinth) should not have any traces of
damage or excessive wear, and the roller bearings should not have any
damage to the separators or the inner or outer races. Lubrication
of the bearings must be within the specification limits.

If grease seal or bearing damage is found, they must be
replaced with new parts, and if the lubrication is not adequate, it
must be replenished. There must not be any damage to the inner
chainber of the drum, ant:.kid controller gearing, or bearing spacer

sleeve.

When inspecting the tire, attention must be paid to its proper
assembly on the wheel drum. Shifting of the tire relative to the
drum is now allowable. If the rubber signal layer (usually red)
on the tread surface or fabric is showing, the tire is not suitable

for furtner use and must re replaced with a new tire.

During external inspection of the brake, the tightness of its
sealing eicments must be checked. This requires several operating
pressure application and release cycles. If the pressure in the
brake does not decrease in the course of 5 —- 10 minutes, the brake
seals are considered to be tight. If leaks through the sealing
elements are found, the brake 1s disassembled and the seals are
replaced with new ones. When pressure is applied to the disc brake,
the pressure disc must compress the entire brake stack, and when the
pressure is released, they must return to the original position. 1In
this case, the clearance between the pressure disc -71d the brake
packet must be no less than 2 — 3 mm. Misalignment of the pressure
disc by more than 1.5 mm is not allowed. If there is misalignment®
or if there is no clearance between the pressure disc and the packet
in the released condition, a check shoulc be made of the operation
of the brake release components. The bimetallic or cermet discs,
coupled with the brake housing by their tenons, must displace freely
in the axial direction. Failure of the tenons to mesh with the brake
housing is not allowable. Local crushing no more tnan 0.3 mm deep
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is allowable at the point of tenon contact with the brake housing
slot. Crushing of the tenon in the same limits is also allowable.
If any malfunctions or damage of the individual brake elements are
found, they must be demounted and taken apart. When performing
inspections and when mounting the wheel after replacing the tire,
a very careful check must be made of the proper installation and
tightening of the roller bearings, since improper tensioning can
cause bearing and wheel failure.

L, Tire Installation and Removal

Since the wheels are subjected to preservation treatment at
the manufacturer's plant, they nust be depreserved prior to
installing the tire. The shipping plugs ire removed frcm the wheel
hub, the inner roller bearing races and also the spacing sleeve are
removed. The bearings are washed with clean gasoline and dried.
The wheel rim and inner part of the hub must be carefully wiped
and the cloth cover and paper in which the tire is packed at the
factory must be removed. In order to avoid contamination of the
wheel parts, tube, or inside of the tire, assembly is performed on
clean and dry decking, plywood, or canvas. The following are
required for assembly of tires with an inner tube:

— special fixture or tool for mounting the tire — a wooden
mallet, metal pry bars, and tire irons;

— set of wrenches (for tightening valve nuts and the through-
bolts on split wheels);

— tale for dusting the inner tube and inner surface of the

tire;

— pressure gauge for measuring the pressure (with scale divi-
sions no more than 0.5kgf/cm2) and with special aaapters.

If the tire has been used previously, it must be carefully
inspected prior to mounting on the wheel, on both the outside and
inside after removing all sand and dirt from the tire. After this
check, the inner tube and the inner surface of the tire are dusted /234
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Figure 14.4. Mechanical damage.

with talc, after which the inner
tube is placed in the tire. The
inserted inner tube is inflated

slightly with air to straighten out any folds which mav have formed.

Figure 14.5. Tearing of tire
casing inner layers.

Tires having mechanical damage such as tears, punctures, and
cuts (Figure 14.4), tearing of tire casing inner layers (Figure
14.5), sidewall abrasion with cord showing, bulging in any part of
the tire, which is sometimes detected only at the working pressure,
and cracks cr separation of the longitudinal a.d transverse tread
Joints to 2 mm deep are not suitable for mounting.

Separation of the tread joints differs from the usual cracks
in that the cracks which form as a result of natural rubber aging
from the action of solar rays, moisture, wind, etc., develop in any
direction, forming a network on the surface of the tire. The tread
Joint, however, separates in quite definite directions. The first
two tire defects form suddenly during operation, while the others
develop slowly as a result of gradual tire failure.

Not suitable for nounting are inner tubes having cracks in the
inner tube wall which can be detected when stretching the tube by
hand, mechanical damage such as tears (Figure 14.6), punctures,
abrasions, deformed valve body, leaks at the point where the valve
body attaches to the core, loosening of the rubber-metal valve flange
edge, longitudinal and transverse folds in the tube body, cracks
in the rubber sleeve of the rubber-metal valve.




Depending on wheel construc-
tion, tire mounting and
demounting may differ somewhat;
therefore, in the following, we
examine tire mounting for the
three most widely used wheel
constructions.

Mounting tire with inner
Figure 14.6. Inner tube tube on wheel with removable
mechanical damages. flange. The wheel is placed on

¢lean decking with removable

flange up (Figure 14.7), the lock pin 1 is removed, and the removable
flange 3 is slid down along the drum 4. Then the locking half rings
2 with keys or pins are removed from the groove and the removable
flange is taken from the drum. If the removable flange is a tight
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Figure 14.7. 7Tire mounting on one plece wheel,.
1- lock pin; 2~ half ring; 3- split flange; 4- drum.

fit, it can be removed by light wooden mallet blows or using a
special tire puller. Then the tire with inner tube inside and
slignhtly inflated is placed on the drum, aligning the valve positiocon
with the red mark on the tire., The inner tube valve 1is directed into
its hole in the rim, the washer is slipped on 2and the nut 1s screwed
on, attaching the metal valve tighily to the drum.

On most wheels, rubber pads are placed undaer the inner tube
valve head to protect the inner tube against tearing unde: the getl
of internal pressure in the valve region. In this case, care must
be taken to ensure proper installatlion of the valve pad during




mounting onto the wheel. During
- — mounting of inner tubes with rim

4 - g strips, the strip is placed on
the band part of the inner tube

' . 7 along the entire circumference,
) the valve is 1inserted into the

IO 0 2 Wi T oo strip hole, after which the
Figure 14.8. Mounting tire on edges of the strip are directed

Split wheel. between the inner tube and the

tire bead along the entire circumference. Then the removable flange
is placcd on the drum and forced down on the drum, flattening out
the tire until it becomes. possible to install the flange lock
(locking half rings with keys or pins) in its place. After this,
the removable flange is pulled up by increasing the pressure in

the tube.

If the removable flange consists of two half flanges, the tire
bead is forced toward the nonremovable drum flange until it is
possible to install the half flanges freely on the drum rim. In
this case, the protruding parts of the ‘teys must enter the mating
half flange recesses. Tires having balance marks (red circle in the
lower part of the sidewall) must be installed on the rim so that
the red circle is aligned with the inner tube valve.

Mounting tire with inner tube on split wheel. When mounting a
tire on a split wheel (Figure 14.8), we first separate the wheel
halves and remove the tiebolts. The tire with inner tube inside 1is
slipped on the half wheel rim so that the inner tube valve enters
the hole in the rim. It is recommended that two diametrically
opposed tiebolts be placed in the second half wheei so that the
protruding bolt ends enter the corresponding tiebolt holes in the
first half wheel, after which, they are joined. The first two bolts
are iniltially screwed in and tightened with a normal wrench, then
the remaining bolts are tightened in a crlsscross pattern.
Excessive, inadequate, or nonuniform tightening can lead to bolt
failure during operation.
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Mounting tire with inner
tube on wheel with integral
flange. The wheel is placed on
wooden blocks so that the wide
rim collar is down and the narrow
collar is up (Figure 14.9). The /218
tire with inner tube inside and
slightly inflated 1s placed on
the wheel so that the inner tube
valve 1s opposite the hole in the
wheel rim. The tire bead is
guided onto the wheel with the
aid of a tire iron. The inner
tube valve is directed into the
rim hole, the inner tube folds
are stralghtened out, and the

other tire bead is guided onto
Figure 14.9. Mounting tire on the wheel rim with the aid of
wheel with nonremovable flange. tire irons. The second bead

should te started from a spot
opposite the valve, and then gradually around the entire circumference
so that pinching of the inner tube does not take place.

After mounting the tire, it is inflated by compressed air from
a ground servicing bottle, which should be equipped with a pressure
gauge and reducing valve. Inflating the tire without a pressure
gauge and reducing valve is not permitted. The compressed air u.=d
to inflate the tire must be clean and have moisture content within
the specifications.

Since all tire casings are made with stretch fit over the
seating diameter, the installation of the casing beads on the drum
shoulder with a stretch fit is accomplished by internal a2ir pressure.
The use of any lubricant to faclilitate seating on the rim is
absolutely forbidden. There should not be any clearance between
the wheel flange and tire bead in a tire which 1is correctly
mounted and inflated to the working pressure.
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In order to demount a tire
with inner tube from a wheel,
it 13 necessary to remcyve e

spacer sleeve, unscrew the valve
core, and let the air out of
the inner tube. The operations
should be performed on a clean
surface without permitting con-
tamination of the wheel detall
parts. Special pullers, one of

Figure 14.10. Demounting tire

using mechanical puller which is shown in Figure 14..3,

should be used to facilitate
tire removal.

The puller sleeves 20 and axle 13 are inserted into the wheel
bearings in order to ensure normal puller operation (Figure 14.11).
Then the wheel is pla-ed on the ground and the frame 2 1is slipped
over the protruding end of the shaft ( igure 14.10). The shaft 13
is pulled upward and locked by the pin 1. With the aid of the
crews 9, the loading screws 4 are adjusted so that the distance
between the anvils 10 and the wheel flarge is 2 — 5 mm. After
installing the puller on the wheel, t;e tire is demounted. By
turning the loading screws 4 with the wrench 3, we force the tire
bead from the wheel flange. Wuen the loading screw anvil 10
loosens the tire bead, the pad 14 is placed along the anvil in the
gap between the wheel flange and tire and the pad is forced as far
as possible under the wheel flange. Then the loading screws are
unscrewed and the frame is turned so that the anvils lie on the
middle of the pads and the anvil notches coincide with the pad
notches, then the tire bead 1s again forced down, now through the
pads. By shifting the pads sequentially and forcing them down with
the loading screws, the tire bead 1s displaced.

grease seals, inner bearing rings,




Figure 14.11. Mechanical tire puller.

l- pin; 2- frame; 3- wrench; U4- loading screw; 5- block; 6-
nut; 7, 8- handles; 9- screw; 10- anvil; 11- guide; 12-
sleeve; 13- axle; 14- pad; 15~ stub shaft; 16- anvil body;
17- bearing; 18- set screw; 19- nut; 20- sleeve.

When demounting a tire which has bonded itself securely to the /215
wheel flanges, it is necessary to unscrew the loading screw part
way ard increase the number of resettings of the puller on the wheel
to avold excessive pad misalignment and large tire bead deflection,
which can lead to bead damage. The removal of the tire bead from
the removable wheel flange 1s performed similarly to the procedure
described above. 1In order to prevent dropping of the removable
wheel flange along with the tire, it is recommended that the removahl«
flange be tilted on the drum by one-sided pressure on the tire by a
single loading screw. After removing the removable flange, the tire
is easily removed from the drum.

In the absence of a puller, the tire can be removed from the
wheel manually with the ald of a pry bar and tire 1iron.
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ln the wintertime, tire mount.ing and demounting should be
performed in a room with the aj: temperature above freezing. When
it is necessary to perform t’re mounting and demounting at tempera-
tures below freezing, spec:ial care should be taken to protect the
inner tube from damage '@¢cause of its increased stiffness.

v

Mounting and d/éounting of tubeles: tires does not differ
fundamentally frc{ mounting and demounting of tires with an inner
tube. One charﬁéteristic feature of the rounting process 1s the
necessity for/faster inflation of the tire with air, which is
achlieved by/femoving the core from the valve prior to beginning

inflaticn./ With the valve core removed, the tire is rapidly inflated
with aiy{*and at a pressure of 2 — 3k8f/cm2, partial seating of the

tire *.£ads on the profiled part of the drum takes place, creating a
tigkilseal. After this, the valve core 1s screwed in and the tire
ir ‘inflated with air to the operating pressure.
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